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PREFACE TO THE FIE ST EDITION 


The Text Book of Heat for Junior Students has been written with 
a view to supplying the ncerls of the students of the pass euuiht* 
reading for tho Bachelor’s degree. It has grown out of the lectures 
uhich the senior author has been giving to the B.tic. pass class ol 
the Allahabad University lor seveial years. The plun of ilio book 
closely iollows that of tho laiger Text Book which is intended lor 
B.Sc honours and M Sc students. Separate chapters have been 
devoted to Kinetic Theory, Liquefaction ot Gases amt Heat Engines. 
The principles of Theimodynamics and their applications have been 
treated at considerable length. Throughout the book tho methods of 
calculus have been iieely employed. The supplementaiy chapter on 
metcoiology lias been kindly wiilten l\y Dr. A. K. Das of the Indian 
Mcteo?illogical Service and Mr B. N. Snvnstava, Meteorology is a 
growing science and is extremely useful to the public at largo. It is 
not at present included in tho cuinculum of any Indian University 
(except Agui where it foims a special course for the M.Sc. drgree), 
but tins seems to lie a cardinal omission. It is hoped that in future 
it will form a legular subject of study by degree students. 

As tins is the first editiou of the hook, it is feared that there 
may he several omissions and lnnecuiiicies The authorB will be 
grateful if these aie brought to their notice. 

Allahabad M. N. S. 

January , 1903 B. N. 8 


PREFACE TO THE TENTH EDITION 

Since the last edition some Indian Universities have intiorluced 
the now Ihree-ycar Degiee Couise while several others have proposed 
new syllabuses for their proposed thiee-year couises. Unfortunately 
there is vet no unanimity regarding the contents of these syllabuses 
or the standards of teaching to be adopted. It bus therefore been 
thought definable not to seriously distinb the existing pattern of the 
book ns long as the thiee-year Degree Couise is not finalised in most 
universities, but considerable additions have been made to the subject- 
matter to take into account the pic posed new trends. It is 
confidently hoped that with these additions, the book will serve the 
needs of the three-year degree course as well. 

Ca’cutta, B. N, 8. 

July, 1939 
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CHAPTER I 

THERMOMETRY 

1. Temperature. —The sensation of heat or oold is a matter 
of daily experience. By the mere sense of touch we can Bay whether 
a substance is hotter or colder than ourselves. The hot body is said 
to possess a higher temperature than the cold one. 

But the sense of touch is merely qualitative, while scientific 
precision m quires that every physical quantity should be measurable 
in numerical terms. Further, the measurements must be accurate 
and easily leproducible. This requires that the problem Bhould be 
discarded in iavour of something which satisfies the above criteria. 
Let us see how this can be done. 

"When two bodies tire biought in contact, it is found that, in 
general, there is a change in thei»- properties such aB volume, pressure 
etc due to exchange of heat Finally on equilibrium state is attained 
after which there is no further change. The two bodies are then 
said to be in thermal (quihbrimn with each other. Tn this state of 
thermal equilibrium the two bodies are said to have the same tempe- 
lature Also it is iuuml that if a body A is in thermal equilibrium 
with two bodies 13 and C, then B and 0 will be in thermal equilibrium 
with each othei and therefore be at the same temperature. These 
oie the two fundamental laws of thermal equilibrium anrl it is on 
account of these laws that we are able to measure the temperature 
oi bodies B anil 0 by banging them successively m theimal equili¬ 
brium with the thermometer A The temperature of a svstem is a 
property which determines whether or not a b}fttiin is in thermal 
equilibrium with other systems 

Pleat causes many changes in the physical properties of matter 
some of which are w t p11 know’ll, e <j , expansion, change in elpctrirol 
resistance, production of electromotive force at the junction of two 
dissimilar metals All these iffeels have bepn utilised for the 
measurement of temperatuie. The i arhest and commonest thermo¬ 
meters utilise the property of expansion Mercury-in-glass is univers¬ 
ally employed as a thermometer for ordinary purposes, but though it 
is simple, convenient to use and direct-reading, it is not sufficiently 
accurate for high-class scientific work. 

2. Mercury Thermometer. t —Everybody is familiar with the 
ordinary centigrade thermometer. It consists of a glass bulb con¬ 
taining mercury to which a graduated capillary stem is attached, 
The freezing point of watpr is marked 0°C and the boiling point 100°C 
and the interval divided into 100 equal parts. This scale was first 
introduced by Celsiust and is called the Celsius or centigrade scale 

* For details of const ruction see Preston Theory of II tat. Chapter 2. 

t Anders Celsius (1701 17441 was bom at Upsala where he studied mathe¬ 
matics and astronomy. In 1730 he became Professor of Astronomy and ten years 
later be built the observatory at Upsala and became its director. He invented 
the centigrade scale. 
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and is now adopted lor all scientific work. Other scales in ordinary 
use today are those introduced by Fahrenheit and Hdaumur. But 
Fahrenheit* was the first to choose mercury as the thermometrio 
substance on account ot its many advantages. It does not wet glass, 
<can be easily obtained pure, remains liquid over a fairly wide range, 
has a low specific heat and high conductivity; it is opaque and its 
expansion is approximately uniform and regular. But we must not 
forget its several drawbacks. The specific gravity and surface tension 
of mercury are large, and the angle oi contact with glass when 
mercury is rising is different irom that when it is tailing. On account 
of these defects alcohol is sometimes used in place ot mercury, and 
since it has a larger expansion it is more sensitive but it is likely 
to distil over to colder parts of the tube. 

The range of an ordinary mercury thermometer is limited by 
the fact that mercury lrec/rs at -38‘8°C and boils at 356°C but 
the upper limit can be i wised to about 500°C by tilling the top of 
the tube with nitrogen under pressure. The thermometrio glass must 
be of special quality: it should be stable and should rapidly return 
to its normal Btate after exposure to high temperatures. The glasses 
generally employed are verre dvr and Jena 16 IIJ for better-class thermo¬ 
meters and borosilicate glass . r >9 111 for high-temperature work. 

Mercury thermometers are generally employed for rough work. 
Tf they are at all used for accurate work various corrections must 
be applied to get the true temperature. The important ones among 
them are the following: — 

(1) Calibration Correction. This is due to want of uniformity 
in the bore of the capillary tube. 

(2) Correction due io change in the fundamental interval from 
100 lo 100 f 8 (say) where 8 has any value. 

(8) Correction due to shift of the zero. This is very important 
since glass after exposure to high temperatures returns to its normal 
state only after a very long time. 

(4) Exposed Stem Correction. Part of the stem and hence the 
contained mercury docs not acquire the temperature of the bulb. 

(5) Correction due to changes in the Bizo of the bulb caused by 
variable internal and external pressure. 

(6) Correction for thermal expansion of the material. 

For details concerning the application of these corrections see 
Glazcbrook, A Dirtionary of Applied Physics, Vol. 1 (Article on 
Thermometry), or E. Griffiths, Methods of Measuring Temperature , 

3. Special Types of Liqoid Thermometers.— The ordinary 
mercury thermometer is not suitable for certain purposes; for this 
reason special types of thermometers have been devised. They m 

* Daniel Gabriel Fahmibpit (16A6 17361 was bom in Danzig of a rich family 
and finally settled in Amrierdjun. Hr imide improvements in the barometer mg 
She thermometer and devised his thermometrio scale. 
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lading the platinum temperature t, for the boiling point of sulphur 
juie true temperature is known, and then substituting in (0). 
Rowing h for a specimen, we can use it to measure any unknown 
aperature. The resistance Jit of the thermometer at the unknown 
ijperature is found out and then using (8) t p is determined. From 
, using the value of B, the true temperature t can be determined 
4i the help of (9). It will be observed thut the correction term 
ing the value of t-t^ contains the unknown temperature t. For 
jh work the value of t p may be substituted for t on the right-hand 
* of (9j. For accurate work, however, the procedure is as follows:— 
'* rignt-hand side of (9) is calculated tor diffeient assumed values 
’ and a table is constructed giving the value of this correction term 
different values of t p . With the help of this table the true tem- 
^Lure t corresponding to the experimentally determined platinum 
Ijperature t p is found. 


It was shown later by Heycock and Neville, and Waidner and 
Mjefis that if the platinum theimomcter is standardized at 0°, 10Q* 
m the boiling point of sulphur the parabolic formula (9) gives true* 
lings as far as G30°C. 

We shall illustrate the method by a numerical example. Let 
resistance of a given' platinum thermometer at 0°, 100° and 
ing point of sulphur (444‘6) be 2*56, 3*56 and 6‘78 ohms reBpec* 
}y. It is required to calculate the true temperature when the 
stance of the thermometer is 5*56 ohms. 


u 


5-56-2 56 
3-56-2-56 


x 100 = 300^ 


for the boiling point of sulphur 
, 678 — 2\5C 

8-56-2-56 


x 100 



ace S - 1*47. 

From (9) we get for t =■ 300, t — t p — 8 8. hence ss 291'2\ 
t — 320, f-fp «. 10*4 hence i p =- 309*6°. 
correction f-t p for fp ■= 291*2° is 8 8 and for 300*6 it is 10*4. 
ce for t n — 300 it is 9*6 Therefore the true temperature t is 
1 to 309*6 o C. 

11- Measurement of Resistance* —The determination of tempora¬ 
lly this thermometer involves the accurate measurement of the 
Lance of the*, platinum wire. Various special types of resistance 
res are used for this purpose. In order to compensate for the 
lance of the leads, a bridge with equal ratio arms is used. Further 
fridge should be capable of measuring changes in resistance to a 
degree of accuracy for the fundamental interval is generally 
in and measurement of temperature to hundredths of a dogma 
fas resistance measurements to one ten-thousandth of an eftm* 
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The Callender and Griffiths bridge* is quite suitable for this pur* 
pose. Fig. 8 indicates the connections. Q and S, the ratio arms, 


*1 


are kept equal by the makers of the instrument. R consists of a set 

of resistances of 1, 2, 4, 8, 16, 82, 
64 units. The usual plug contacts 
are here replaced by mercury cup 
contacts. Lj and L a are two paral¬ 
lel wires of the Bame material 
which can be connected to each 
other by the contact-maker K. 
This arrangement is adopted in 
order to eliminate thermo-electro¬ 
motive forces. P represents th 
thermometer and C the coinpen 
sating leads. The resistance / 
acts as a shunt and makes the 
resistance of tho wire exactly in 
the desired ratio. The bridge is 
the galvanometer (T. Suppose the 
at a distance jt from the 



Fig. 8.—Callenrlur and Griffith^ Bridge, 
adjusted for no deflection of 
balance point is obtained with the key K 
centre of the wore and the entire length ut t the wire is 2a. 

Pf(a-r)P- 

or P = R \ 2xp t 


Then 


where P is the icsistnnee per unit length of the wire. It is found 
convenient to select the wire and the shunt r in such a manner that 
1 cm. of the bridge wire 1ms a resistance ot 1/200 nhzn and tlie tut* 
length of the wire is 20 cm., while the smallest resistance m 
marked 1 has a resistance equal to the resistance ol the whole wii 
i. r., 20/200 -- 0*1 ohm. Thus il the fundamental interval of tl 
resistance- thermometer is 1 ohm the temperature can be detercnineu 
correct fo '01 B C provided tlie balance point is determined correct to 
O’l mm. For accurate work, however, various precautions are nects- 
sarv some of w T hich are given below':— 

(1) Tlie current flowing through the bridge heats the bridge , 
coils and changes their resistance. The change in tem¬ 
perature may be observed on a thermometei and the- 
corresponding change in resistance calculated. The correc¬ 
tion can then be easily applied. Or the bridge may be 
placed in n thermostat. 

(2) The thermometer coil has to be very thin (0T/5 mm. dia¬ 
meter) since it must have a large resistance and hence 
the heating effect is considerable. From Callender's 
observations the lieating effect for a current of '01 ampere 
is 0*016° at 0°C and 0 017° at 100° C. According to him 
the best procedure is to pass the same current through 


* For further details see Flint and Wownop 'Practical Physics*, 
t For full detail* *ee Method* of Measuring Temperature by E. Griffith, 
(Chap. 3.) 
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the thermometer at all temperatures 'when the heating 
effect remains approximately (constant, 

(3) The bridge centre must be determined and the bridge wire 
calibrated. 

(4) Due to temperature gradient along the conducting leads 
and the junctions thermo-electromotive forces are developed 
in the circuit whoso magnitude may be found by dosing 
the galvanometer circuit when the battery circuit is kept 
open. To eliminate these the galvanometer circuit shotud 
be permanently closed and balance obtained for reversals 
of the battery current. If induction effects ore perceptible 
when the battery circuit is made or broken a thermo* 
electric key should be employed. This key first breaks the 
galvanometer circuit, then makes the battery and the 
galvanometer circuits in succession. 

(5) The external leads connecting the terminals PF, CC to the 
bridge should be exactly similar and similarly placed. 

12. As already mentioned the platinum thermometer is standar¬ 
dized by measuring the resistance at the melting point of ice, boiling 
points of water and sulphur. The last gives 8 and hence t ( can be 
determined from any subsequent determination of t p . Every such 
thermometer is, however, provided with a calibration curve drawn by 
an actual comparison with a standard gas thermometer in standardis* 
ing laboratories. The temperature can be directly read from this 
temperature-resistance curve. 

The great advantage of platinum thermometers lies in their wide 
range ( — 200°C to 1200 D C). If carefully prepared, their readings ate 
reliable to 0’01° up to 500 D C and to 0‘1° up to 12O0*C but generally 
it is not desirable to use them above 1000 B C owing to the danger of 
contamination by the insulating materials. They are free from’ 
changes of zero for the wire w'hen pure and well-annealed has always' 
the same resistance at the same temperature. They are very con¬ 
venient for ordinary uro and, when once standardized by comparison 
with a gas thermometer, they serve as reliable standards. They atfe 
often employed to measure small differences of temperature very 
accurately, sometimes even to one ten-thousandth of a degree. There 
are, however, some drawbacks also. The resistance thermometer 
has a large thermal capacity and the covering sheath has a low thermal 
conductivity and therefore the thermometer does not quickly attain, 
the temperature of the bath in which it is immersed. Further some 
time is lost in balancing the bridge. For these reasons the resistance 
thermometer in useless for measuring rapidly-changing temperatures. 1 
Further impurities in the platinum does not obey the Same resistance- 
temperature law as the pure metal. 

Table 2 gives the variation in resistance of a platinum thermo-; 
meter over a wide range. It is taken from Henning's Temperqtur- 
'messung. Ibe value of the quantity B=Rt/R $ is given for ?ai%j^ 

2 
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temperatures where Rt, R t are the resistances at temperatures 
<*C and 0°C. 


Table 2 .—Values o] R = Rt jR,. 


* 3 * 

B 

Temp. 

D C. 

Iff 

Temp. 

°C. 

B 

1— Wff 

0-21607 

+40 

115796 

280 

2-06661 

. —180 

025927 

60 

1-23624 

300 

2-13931 


0*34505 

60 

1*31406 

320 

2-21154 

—140 

0*42986 

100 

1-39141 

340 

2-28330 

'—120 

0*51347 

120 

1-46830 

360 

2-35460 

—too 

0*59612 

140 

1 154471 

380 

2-42543 

— 80 

0-67814 

160 | 

1-62067 

400 

2-49580 

— 60 

0*75948 

180 

1-69616 

420 

2*56570 

— 40 

0-64019 

200 

1-77118 

440 

2-63513 

— 20 

0*92033 

220 

1-86474 

460 

2-70410 

0 

100000 

240 

1-91983 

480 

2-77261 

20 

107921 

260 

1*69345 




THERMO-ELECTRIC THERMOMETRY 

IS. Thermo-Couples. —Let us now return to tlie second electri¬ 
cal property utilised lor temperature measurement. Starting from 
fjeebeck's discovery in 1821 numerous attempts were made to 
4 ooastruot a thermometer based on this principle, for instance, by 
&eoquerel, Pouillet and Begnaulfc. At present ther&io-electric 
thermometry has attained a degree of precision interior only to 
resistance thermometry below 1000° C, but for temperatures exceed¬ 
ing that, it is the only sensitive and convenient electrical method 
at our disposal. 

A thermo-electric thermometer installation consists of the follow¬ 
ing parts:— 

(1) The two elements constituting 'the thermo-couple. 

(2) The electrical insulation of these wires and the protecting 

tubes. 

{8) Millivoltmeter or potentiometer for measuring the thermo¬ 
electromotive force. 

{4) Arrangement for controlling the cold-junction temperature. 

The choice of the elements constituting the couple is determined 
fay the temperature to whieh the couple is to be heated and thB e.m.f. 
developed. For low temperatures up to 800°C couples of base metals 
aueh as iron-constantan and copper-constantan are satisfactory, as they 
develop a large e.m.f, of about 40 to 00 microvolts per degree. For 
fc j j fr temperatures these base metals cannot be used as they get 
and melt. Nickel-iron couple may be used up to 800* while 
e dbrofhel-dlumel thermo-couples can be used tip 
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There are two ways of making the connections 
which are indicated in Figs. 10 (ft) and ( c ). The dia¬ 
grams explain themselves. The cold junction is 
immersed in ice at 0°C. As a recording instrument 
either a millivoltmeter or a potentiometer is employed. 




to 1000” but above that platinum and an alloy of platinum with 
iridium or rhodium must be <usedr Le Chatelier in 1886 introduced 
the couple consisting of pure platinum and an alloy of 
^0 per cent Ft and 10 per cent Bh which is now largely V 
employed for scientific work. The e.m.f. developed by 
these noble metals is, however, much less. 

The two elements are taken in the form of a wire 
and one end of both is welded together electrically or 
in an oxyhydrogen flame. This end a (Fig. 9) forms 
the hot junction. The portions of the wires near the 
hot junction are insulated with capillaries of fire¬ 
clay (or hard glass for lower temperatures) and are 
threaded through mica discs enclosed m outer protect¬ 
ing tube of porcelain, quartz or hard glass, depending 
upon the temperature for which it is meant. The 
protecting tube prevents the junction from contamina¬ 
tion but necessarily introduces a lag. For rough use 
this may be further enclosed in a steel sheath (shown 
black in the figure). Where there is no risk of conta¬ 
mination, the mica discs and the protecting tubes can 
be dispensed with. The wires are connected to terminals 
C L and C a on the instrument. To these terminals are 
connected flexible compensating leads leading to the 
cold junction (Fig. 10a). These leads are usually of 
tb^ same material as the elements of the couple itself. 

Thus the cold junction is transferred to a convenient 
distant place where a constant temperature, say 0°O, 
can be maintained. Usually the compensating leads 
are marked so that there is no difficulty in connecting 
to the proper terminals. 


Fig. 9.— 
Thermo¬ 
couple. 



Fig. 10.—Measuring with a thermo-couple. 

14, To find the temperature of the hot junction wo mwtffc 
measure the e.m.f. developed between the end* of the oOpper lead*) 
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This be by me one of ft high resistance millivoltmeter which 
may be graduated to read temperatures directly and the temperature 

thus obtained can be relied 
upon to about ± 5°C. For 
attaining higher accuracy 
a potentiometer must be 
used. This arrangement 
essentially consists of . a 
number of resistance coils 
A (Fig. 11) placed in series 
with a long wire resistance 
r stretched along a scale. 
A current from the battery 
E flows through these re¬ 
sistances and its strength 
is so adjusted by varying 
B that the potential differ¬ 
ence across a fixed resist¬ 
ance K balances against the e.m.f. of a standard cadmium cell G 
(1*0183 volts). The e.m.f. developed by the thermo-couple Th is 
balanced as indicated. The potentiometer can be made direct reading 
by keeping K = 101*83 ohms. Thus there is a fall of 1 volt per 100 
ohms and by constructing the smallest resistance coil of 0*1 ohm 
resistance and the wire r also of the same resistance, the total e.m.f* 
across the wire will be 1 m.v. If the wire is divided into 100 divisions 
and in addition has a sliding vernier having 10 divisions the readings 
con be taken correct to 1 microvolt. 

Various types of potentiometers based on this principle have been 
devised specially for this purpose.* With these instruments the 
e.m.f, can be measured accurately to 1 microvolt which corresponds 
to shout 1°C for a Pt—Pt-Bh couple. For a copper-constantan couple 
this corresponds to about 1 /40 degree. With a sensitive arrangement 
it is possible to measure to 0*1 microvolt when the sensitiveness is 
increased about ten times. For accurate work the cold junction must 
be maintained at 0°G otherwise correctionsf will be required in that 
respect. 

In order to deduce the temperature from an experimental deter¬ 
mination of the e.m.f. a calibration curve is generally supplied with 
the instrument. This gives the temperature corresponding to different 
electromotive forces devoloped and has been drawn bv the makers 
by an actual comparison with a standard thermo-couple throughout, 
the range. If it is required to calibrate a thermo-couple in the 
absence of a standard one, the fixed points (Sec. 8) must be utilised. 
The e.m.f. at those points is measured and an empirical interpolation 
formula employed in order to give the e.m.f. corresponding to the 

• A description of these will be found in Mt thod* of Measuring Temperature y 
v B. Griffith! 

t See Baer Griffiths, Method* of Meaewing Temperature, (1947), p. 74. 
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intermediate temperatures. For a Pt—Pt-Bh couple three different 
equations must be used for the different ranges. Thus 

from 0 8 to 400°C, E = l At + B( 1 —e c/ ), 

300° to 1200’C, E = -A' + B't+C't*, 

1100° to 1750°C, E =, - A" + B"t+C"t* t 
where A, B, C are constants whose values are empirically determined. 

Thermo-couples are frequently employed for laboratory work since 
they are cheap and can be easily constructed. They can be used for 
the measurement of rapidly-changing temperatures since the thermal 
capacity of the junction is small and hence the thermometer has 
practically no lag. Another advantage in the uhb of thermo-coupleB is 
that they measure the temperature at a point—the point at which 
the two metals make electrical contact. Its chief disadvantage lies 
in the fact that there is no theoretical formula which can be extra¬ 
polated over a wide range and consequently every thermo-oouple 
requires calibration. 

The useful range of thermo-electric thermometers is about —200° 
to 1600°C. Headings are reliable only when the composition of the 
couple does not change even slightly. In actual practice frequent 
calibration is necessary. 

The following are the chief sources of error in thermo-electric 
thermometry:— 

(1) Parasitic electromotive forces developed in the circuit. They 
are due to (a) Peltier-effect or e.m.f. developed due to heating of 
junction of dissimilar metals at pomts of the circuit other than the 
hot and the cold junctions. This occurs often in the measuring 
apparatus; (b) Becquerel effect or e.m.f. generated due to inhomo- 
gencities in a single wire, this occurs mainly in the thermo-couple 
wires. The e.m.f. measured is a sum of these quantities and the 
Peltier e.m.f. at the two junctions and the Thomson e.m.f. along 
homogeneous wires of the thermo-couple with ends at the two tempe¬ 
ratures. The undesirable effects mentioned in (a) and (b) must be 
eliminated by the use of materials and methods free from these effects 
since they are not taken into account in any thermo-electric formulae. 

(2) Leakage from the light mains or furnace circuit. If leakage 
currents pass through the potentiometer their presence can be detected 
by short-circuiting the thermo-oouple when the galvanometer continues 
to be deflected. 

(3) Cold-junction correction if it is not kept at 0°C. 

For the methods of minimising or eliminating these errors the 
reader is referred to Measurement of High Temperatures by Le 
Chatelier and Burgess. 

Table 3 compiled from various sources gives the thermo-electric 
e.m.f. for various couples in common use. The cold junction is 
, maintained at 0°C, and the hot junction at The ejn.f. of the 
thermo-couple AB being positive means that the current flows from 
A to B at the cold junction. 
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Table 8.— E.m.f. in Millivolts . 


Temp. 

t“C. 

BOPt-lOBh 
against; Pb 

Ag/Ni 

Ag/Pt 

Fe/cona- 

tantan 

Cu/cons- 

tantan 

—200 




—8‘27 

—5*539 

—100 




—5-82 

3-349 

— BO 


—1-68 

—030 


... 

0 

0-000 

0-00 

ooo 

OOO 

oooo 

+100 

+0-643 

+218 

+0*72 

+5-40 

+4-276 

200 

1-436 

+4-96 

+1-73 

1099 

9-286 

300 

2-315 

7-52 

2-96 

16*56 

14-B59 

400 

3-250 

9-B3 

4-47 

22 07 

20865 


4-210 

1204 

6-26 

27-58 


600 

5-222 

14-50 

B-25 

33*27 


700 

6-260 

1730 

1060 

39-30 


800 

7-330 

20-73 

1317 

45-72 


BOO 

8-434 

24-19 

15-09 

52-29 


1000 

9-568 



58-22 


1200 

11-924 





1400 

14-312 





1600 

16-674 





1700 

17-841 






15. Certain methods of measuring temperature utilise the radia¬ 
tion emitted by the hot body whose temperature is to be measured. 
These methods will be discussed in detail later (see Chap. XI). They 
can be used for measuring temperatures from about 1000°C to any 
upper limit. 

16. Certain other methods of measuring temperature utilise any 
one of the following properties of matter:— 

(1) Expansion of a bar of metal. 

(2) Changes in vapour density with rise of temperature. 

(3) Variation of refractive index of a gas with temperature in 

accordance with Gladstone and Dale's law. 

(4) Calorimetric methods based on the measurement of quantity 

of heat. 

(5) Change of vapour pressure with temperature. 

17. Low T emp erature Thermometry.* —Accuracy of measurement 
in the low temperature range was considerably increased by the works 
of Dewar, Omies, Crommelin and others. The standard thermometer 
in tips range is the constant vol ume hydrogen or helium thermometer. 
The difficulty in this case is that gases liquefy and even solidify at 
these low temperatures. Prof. Dewar, however, showed that the 
fcoStfng point of hydrogen as indicated by the hydrogen thermometer 

•For pyrometry see Chap. HI. 
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vu —263 # 0°C and —258 , 4°C, while a helium thermometer registered 
»-208 a 7 9 C and —252'1'C. Similarly he compared thermometers of 
other gases. These experiments evidently led to the conclusion that 
a gas could be relied upon, almost to its boiling point. Thus helium 
furnishes the scale down to its boiling point (4'2 D K). The corrections 
necessary to convert this scale to the thermodynamic scale may bo 
obtained and have been given by Onnes and Cath. For temperatures 
below 4‘2°K we must use the helium gas thermometer with very lour 
pressure of the gAS so that the gas will not liquefy at that temperature. 
Now we shall consider the secondary standards. 

Mercury freezes at —38*7 and alcohol at — 1H’8 0 C and hence 
these thermometers cannot be used below the respective temperatures 
A special liquid thermometer containing fractionally distilled petroleum 
ether can be used down to —190°G. 

But for all accurate work, however, resistance thermometers aro 
employed. It is absolutely essential that the substance of which the 
thermometer is made is perfectly pure. Pure metals show a regular 
decrease in resistance with decrease of temperature. Dewar and 
Fleming found that the presence of the slightest trace of impurity in a 
metal is sufficient to produce a considerable increase in resistance at 
these low temperatures. It is, therefore, difficult to trust the purity 
of any specimen for very low temperatures without actual comparison, 
Henning found from a detailed investigation that the parabolic formula 
did not hold below — 40° C. Van Dusen proposed the formula 

* = R joo -fl; ]00+s (l00 “ 1 )ioo + e (ioo “ 1 )l00*’ ^ 

where c is a constant and 8 has already bpen defined on p. 14. The 
constants JR„, R 100 and 8 are determined by calibration at 0°C f and 
100°C and the boiling point of Rulphur as explained previously, and 
the constant c is then determined by calibration, at the boiling point 
of oxygen (-]82‘97°C). Van Dusen's formula has been found to hold 
satisfactorily from 0°C to —190°C, the error nowhero being greater 
than ±0 05°. 

For temperatures lower than — 190°C, the platinum thermometer 
was used by Henning and Otto, and can be used with advantage up to 
20°K. There is, however, no satisfactory formula for calculating the 
temperature from the observed resistance. Sometimes lead and gold 
thermometers are also employed. Onnes has used lead down to 
— 259°G and Nemst has deduced a formula for calculating these tem¬ 
peratures. Below — 250°C resistance thermometers of consbantan and 
phosphor-bronze have been employed, the latter being much more 
sensitive. 

For low temperatures copper-const antan and iron-cons tan ten 
couples are very sensitive as they develop a large e.m.i They CM 
be used down to -255°C. They must be calibrated by direct com¬ 
parison with a gas thermometer. 
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In order to measure temperatures below the temperature of boiling 
fralimw (— 208°C) the vapour-pressure thermometer of helium can be 
employed. Its use is based on the well-known fact that the vapour 
pressure of a liquid varies inversely with the temperature. Thus the 
method consists in measuring the vapour pressure of a liquid at the 
required temperature by means of on apparatus similar to that shown 
in Fig. 4, Chap. V, and obtaining the corresponding temperature by 
means of a calibration curve or a theoretical formula. The helium gas 
thermometer and the vapour pressure thermometer have been used 
down to about 0'75°K. For measuring still lower temperatures the 
paramagnetic susceptibility of salts is utilised. 

18. International Temperature Scale. —We have seen that the 
thermodynamic centigrade scale is the standard scale of temperature 
and is given, by the helium gas thermometer, but gas thermometry 
involves many experimental difficulties. On account oi these difficulties 
m the practical realisation of the thermodynamic scale the Inter¬ 
national Committee in 1927 found it expedieut to adopt a practical 
scale known as the International Temperature Scale. This scale agrees 
with the thermodynamic scale as closely as our present knowledge 
permits and i6 at the same time designed to be easily and accurately 
reproducible. It is based upon a number of reproducible fixed points 
to which numerical values have been assigned and the intermediate 
temperatures have been defined by agreement as the values given 
by file following thermometers according to the scheme given below: — 

(1) From 0°C to 660° C. —The standard platinum resistance 

thermometer calibrated at 0°, 100°C and the boiling point 
of sulphur. 

(2) From — 190°C T to 0 a C. —The platinum resistance thermometer 

which gives temperature by means of the formula 

K|--F 0 {1 + + F 2 + 7(/-100)* s }, 

the four constants being determined by calibration at ice, 
steam, sulphur and oxygen points. It will be seen that this 
formula is equivalent to (10) where e (100)* By//3. 

(3) From OfiOT to 1003° C. —The platinum 1H-Rh thermocouple 

where temperature is defined by 
E = a + bt + ct 2 t 

and the three constants are determined by calibration at the 
freezing point of antimony and at the silver and gold points. 

(4) Above 1063°C.—An optical pyrometer (see Chap. XI) cali¬ 

brated at the gold point (1063°C). 

It should be emphasized that the International Scale does not replace 
the thermodynamic scale; it merely serves to represent it in a practical 
manner with sufficient accuracy for most purposes. 
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Chart of Fixed Point* (Contft 


MOO 

MOO 


2200 - 

MOO - 

2000 - 

2BOO - 

3000 - 

3200 - 

3400 - 

3000 - 

9800 - 

4000*0 


m 

►1200 

*1465 

■1565 

-1770 


■ 2454 


*3400 

*3400 


M. P of Gold 
M P of Copper 

If. P. of Lithium Silicate ? 


Dull 

Orange 

Bright 

Orange 


M.P. of Nickel? 
M. P. of Palladium 


White 


M. P. of Platinum 


Dazzling 

white 


If. P. of Iridium 
U. P. of Molybdenum 


M.P of Tungsten 
M. P. of Carbqn 




l 

s 

a 
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19. OMration of the Friadpfes of Thmmnetqr* 

Absolute or Thermodynamic Soalo 

Gas Thermometers 
(Primary standards) 


Constant Volume Constant Pressure Gravimetric 

Thermometers 
(Compensated 
Air thermometer} 

Secondary Thermometers 


Expansion Resistance Thermoelectric Radiation 

Thermometers Thermometers Thermometers Pyrometers 
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CALORIMETRY 


1. Quantity of Heat. —It is a matter o:f common experience that 
when a hot body is placed in contact with a cold one, the former 
becomes colder and the latter warmer; we say that a certain quantity 
of heat has passed from the hot body to the cold one. But a simple 
experiment shows that when different bodies are raised to the same 
temperature and then allowed to exchange heat with a cold body the 
final tomperature is different. If we take equal quantities of water 
in three different vessels at the same temperature and plunge equal 
masses of aluminium, lead and copper previously heated to 300°C into 
these vessels, ono in each, the equilibrium temperature is highest for 
aluminium and least for lead. This indicates that, of these three 
metals, aluminium can yield the largest quantity of heat and lead 
the least. 

For measuring quantities of heat we require a 4 unit \ The 
quantity of heat required to raise the temperature of 1 gram of 
water through 1°(3 is called the 4 calorie ’ which is also the thermal 
umt for measuring quantities of heat. The 15 “C calorie is defined 
as the quantity of heat which would raise the temperature of one 
gram of water from 145 D C to 15'5°C and has been recommended by 
the International Union ol Pure and Applied Physics (3934) for 
adoption as the standard. In Britain the British thermal unit 
(written B. Th. IT.) is frequently employed* which represents the 
quantity of heat required to raise 1 lb. of water through 1 B F. The 
specific heat of any substance is defined as the numbpr of calories 
required to raise 1 gram of the substance through 1°C. This is 
strictly speaking not the same at all temperatures. Thus if a quantity 
of heat Q raises the temperature of m grams of a substance from 9 
to 0*, 8, the mean specific heat of the substance, is given by 
w hile if a quantity dQ raises the temperature by d$, 

dQ 

the specific heat at the temperature 9 is - . 

The thermal capacity or water equivalent of a particular body 
is equal to the product of its mass and specific heat. 

2. Methods in Calorimetry. —The following are the chief methods 
employed in Calorimetry! : — 

(1) Method of Mixtures. 

(2) Method of Cooling. 

# Sometimes the lb. calorie or centigrade heat unit (C. H. TJ.) or centigrade 
thermal unit (C. Th. U.) is also used which represents the quantity of heat 
required to raise 1 lb. of water through 1*C. 

t A good account of these methods is given in Glasebrook, A Dictionary of 
Applied Physics, Vol. 1, article on "‘Calorimetry”. 
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(8) Methods based on Change of State or Latent Heat 
Calorimetry. 

(4) Electrical Methods. 

In the following pages we shall discuss these methods one by 
one. Under each of these we shall consider the various forms of 
experimental arrangement that have been adopted. Solids and liquids 
will be considered first while gases will be taken up later in the 
chapter. 

1. METHOD OF MIXTURES 


3. Theory of the Method. —Regnault* about the year 1840 made 
a careful study of the Method of Mixtures, and by care and skill 
obtained results of the highest accuracy. The principle of the method 
is to impart the quantity of heat to be measured to a certain mass 
of water contained in a vessel of known thermal capacity and to 
measure the rise of temperature produced. Thus, if a substance of 
mass m lt specific heat 8 t and initial temperature & xt be plunged into 
m a grams of water at temperature 0 a , and if W be the thermal capa¬ 
city of the calorimeter, 6 the final temperature of the mixture, we 
have, by equating the heat lost by the substance to the heat gained 
by the water and calorimeter, 

m i a i (*i“*) = ( m a + w ) 


or 


( m 2 + W) 


This gives the specific heat of the substance. Various correc¬ 
tions are, however, necessary for heat is lost by the system fay 
conduction, convection and radiation. ThuB for 6 wc must put &+ 
where A0 the correction. 

4. Radiation Correction. —In most experiments on calorimetry 
the calculation of thiH loss of heat due to radiation is important. 
The radiation correction may be accur¬ 
ately calculated with the help of 
Newton's Law of Cooling (Chap. XI) Q 
which states that for smedl differences 
of temperature the hpat loss due to 
radiation is proportional to the tempera¬ 
ture difference between the calorimeter 
and the surroundings. To illustrate its 
application let AB (Fig. 1) denote the 
observed rise of temperature during an 

experiment, BC the observed cooling at n — 

end of it. We have to calculate Fl i.-Wu.tration of Badi.tum 
the true rise in temperature. Divide Correction, 

the abscissa into a equal intervals St,, 

Sts* . . • 8t, by means of ordinates P 1 M 1 , P a M ai ,..P*M» such thfct 



• Henri Victor Regnault (1810-1878), born at Aix la-Chapelle, bad to support 
himself while yonng. He joined the EcqIb Polytechnique in Paris and later on 
in 1840 he was appointed Professor in that Polytechnique. Ha did many clause 
rasearchea on heat, 
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■the small portions AP lt P t P ai ... P^F*, may be treated os straight 
lines. Let us measure temperatures from the temperature of the 
.surroundings. If 0 lf 0 a ...denote the mean temperatures during these 
intervals, 0/, 0/ . . . the temperatures at the ends of these intervals 
^represented by PjM,, PjMj..., then the temperature diminution due 
to radiation m the interval is k& x &t v If 0/', 0 a ", . . . denote 
the temperatures at the ends of these intervals had there been no 
doss due to radiation, then 

0" = 0/ + &0 r 8^.(1) 

0 a " = 0 a ' + k0 1 St 1 + k0 a St a . . . (2) 

/. * »" - Bn' + **! + + ■ ■ • • K) 

= 6/ + k (area of the curve ABM ft AJ 

= e n ' + fc r 9 dl .(3) 

We can thus correct any temperature 6 n ' if we determine the area 
AP»M„A and k. 

An alternative method is to plot the upper curve from the lower 
-curve by increasing the ordinate M 1 P 1 to M i r i ' I M a P a to M a P a ' etc. 
where MjP/ = 0/', M a P a ' = 0 a ", etc. The highest ordinate on the 
curve (viz., DE) gives the true rise of temperature in the experiment 
corrected for radiation. 

To determine k we have to observe the rate ot cooling at any 
temperature. The curve B£ (Fig- 1) is obtained experimentally for 

d& 

this purpose. From this — is calculated for any mean value 0. 


Now k =s — - , hence k is known.* 

u tit 

Another method called the adiabatic method is to eliminate the 
heat by continuously adjusting the temperature of the bath enclosing 
the calorimeter to be always equal to the temperature of the calori¬ 
meter itself. T 

5. Specific Heat ot Solids. —l or finding the specific heat of solids 
by this method the requisites are a calorimeter with an enclosure, a 
thermometer and a heater. For work at ordinary temperatures the 
calorimeter is made of thin copper, niokelplated and polished on the 
outside, bo as to reduce radiation losses. It is supported on pointed 
pieces of wood or by means of thread inside a larger double-walled 
vessel which has water maintained at a fixed temperature in the 

* A simple but, rough method sometimes adopted is to add to the observed 
rise half the cooling observed at the highest temperature in a time eoual to the 
duration of the experiment. This is based on the assumption that the average 
excess of temperature of the calorimeter over the eurrounaings^ may be taken to 
be half the final excess, henoe the coaling during the experiment is half the 
»cooling at the dual temperature. 

t For other methods see Glazebrook, A Dictionary of Applied Phytic*, Vol. 1, 
*pp. 61*63. 
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annular Bpace between the walla. The heater is a steam-jacket ill 
which the substance is heated by steam without becoming wet- An 
oil bath may also be used. The transference and radiation errors must 
be reduced by suitable mechanical devices as in Regnault's classical 
•experiments. 

For high temperatures the solid substance is heated in an electric 
furnace. White in his work at high temperatures employed a furnace 
having a platinum coil wound on its surface. The substance is sup* 
ported inside the furnace in a loop of platinum wire 
And is allowed to drop into the calorimeter by a 
suitable mechanical device. Change in temperature ™ 
is measured by a resistance thermometer. For work 
At low temperatures the substance is cooled down in MF 

a quartz vacuum-vessel surrounded by liquid air 
before being dropped into the calorimeter. 

Awbery and Ezer Griffiths have determined the \ 

specific heat of solids and molten liquids as well as 111 SI 0 

their latent heat by using an improved apparatus s , 

based on the method of mixtures. This is discussed 
in Chap. V. 

The use of water as calorimetric liquid has ^ 

several drawbacks. Its range is small and specific D D 
heat large so that the rise of temperature is small; 
further there is considerable risk of some water being 
lost by evaporation. For these reasons several workers j | j 

have replaced it by a block of metal. The copper I I | 

block calorimeter devised by Nemst, Lindemann and I B j 

Koref is exceedingly convenient for low temperatures. I fl I 

It consists of a heavy copper block K (Fig. 2) | 1 ^ 

•cemented with Wood's metal to the inside of a Dower fe ^ jj| I 

flask D. It is essentially a calorimeter based on the HT JB 

method of mixtures in which copper replaces water / 

as the standard substance. The heated substance is . 

•dropped into the copper block through the glass-tube Mw , 

R and the change in temperature of the latter is read c upper %lock 
on thermo-couples T, T, whose one end is inside the Calorimeter, 
copper block K and the other end in the block G. 

The copper block on account of its good conductivity keepB the 
temperature uniform. Jaeger and his co-workers have employed tibia 
method to determine the specific heat of W, Pt, Os, Rh, Ir, etc., to 
about 1600°C with a high degree of aocuracy. 

8. Specific Heat of Liquids. —Specific heat of liquids which do 
not react chemically with water or any other substance of known 
Bpecifio heat may be obtained by direct mixture. For liquids which 
react in this way Regnault used a different form of apparatus. The 
liquid was not allowed to mix with water but was admitted when 
desired into a vessel immersed in water. The liquid was first heated 
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and then forced into the vessel. The specific heat could be calculated 
as before.* 

Another cI&bb of experiments for measuring the specific heat of 
liquids involves the expenditure of some me chan ical energy and 
measurement of the consequent rise of temperature. To this class 
belong the classical experiments of Howland for determining the 
mechanical equivalent of heat. They will be described in detail in 
Chapter III. 


2. METHOD OF COOLING 


7. This method, perfected by Dulong and Petit, is fo und to be 
most convenient for liquids but unsuitable for solids owing to varia¬ 
tions of temperature within the latter. The method is based on the 
assumption that when a body cools in a given enclosure on account 
of radiation alone, the heat dQ emitted in the time dt is given by 
the relation 


dQ =Af(0)dt .(4) 

where A depends upon the area and the radiating power of the body, 
f(0) is an unknown function of 6, the excess of the temperature of 
the body over that of the surroundings. 

If this produces a cooling of the body through —d$, we have 
dQ = -msdO, 


where m and a denote the mass and the specific heat of the body 
respectively. 

Equating these two expressions for dQ we get 
-made = Af(0)dt. 


Or 

1 

II 

«<> 


Jo 


. ms 

Or 

= ~A~ 


dO 

m 


do 

m 9 


( 5 ) 


where t is the time the body takes in cooling from 0/ to 0 a V 

Similarly, for another substance to cool through the same interval 
of temperature 

_ mV f dO 

m m ; • ’ 

If A - A* i.o., the surface area and the radiating power of the 
two bodies be the same we have from (5) and (0) 

ms mV 

t . 


( 6 ) 


( 7 ) 


If masses m, m' of two liquids be contained successively in a 
Calorimeter of thermal capacity W and the calorimeter suspended 


* For detaila pee Proton, Theory of Beat. 
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inside a vessel kept at 0°C by immersion in melting ice a nd then 
observations of the rate of cooling taken, we have 

W+ms W+m'*' 

~t~ * —p —.W 

Tf one* liquid is water (*,= 1), the specific heat of the other is thus 
determined from a knowledge of t, t', m, m\ 

The method is sometimes employed for determining the specific 
heat of liquids but is not capable of any great accuracy and is mainly 
of historical interest. 

3. METHODS BASED ON CHANGE 0$ STATE 

8 . These methods may be subdivided into two: namely the 
method of melting ice and the method of condensation of steam. 
These methods were of real advantage in the last century when 
accurate measurements of temperature were impossible, but with the 
recent development of accurate thermometers and electrical heaters 
Ihey are now less in use, chiefly on account of their inherent defects. 
The second method is, however, very convenient for determining the 
specific heat of gases at constant volume and hence retains its 
importance. 

9. Method of Melting Ice.—In this method the heat given out 
by a certain substance in cooling is imparted to ico and measured by 
the amount of ice thereby melted. Thus if M grams of a substance 
of specific heat s and initial temperature 0 are able to melt m grams 
of ice when placed in contact with the latter, the specific heat is 
given by the relation 

MsQ mL , . . (9) 

where L is the latent heat of fusion. The earliest forms of the appa- 
ratus as devised by Black, and by Lavoisier and Laplace were liaJble 
to cause considerable error. An improved form of the calorimeter 
was later devised by Bunsen* which will now be described. 

10. Bunsen’s Ice Calorimeter. —In this calorimeter, the water 
produced by the melting of ice is not drained off but i» allowed to 
remain mixed with ice and the resulting change in volume is observed. 
The calorimeter is illustrated in Fig. 3, p. 34. The test tube A is fused 
into the cylindrical glass bulb B which is provided with the glass 
stem C. B is nearly filled with boiled air-free water and the remain¬ 
ing space and the stem is filled with mercury. The stem terminates 
in an iron collar D containing mercury into which a graduated 
capillary tube E is pushed so that mercury stands at a certain 
graduation in E. 

* Zobert Wilhelm Bunsen (18U-1B99), bom nt Gottingen^ studied at Gottingen, 
Paris, Berlin and Vienna. He was professor of Chemistry at Breslau and 
Heidelberg. His important researches are on spectrum analysis, Bunsen cell, 
grease-spot photometer, gas burner and ice calorimeter. 

8 
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In conducting an experiment a stream of alcohol, cooled by a 
freezing mixture, is first passed through the test-tube A until a cap 

of ice F is formed round it in Bs 



The whole instrument iB then 
kept immersed in pure iee at» 
0 B (J for several days till all the 
water in B is frozen. It is then 
ready for use. 

To calibrate the scale on E, 
let a mass m of water at a tem¬ 
perature 0 a C be poured into the 
test-tube A. Some ice in B 
melts and the resulting contrac¬ 
tion of rnereury, say n divisions 
on E, is observed. Then if a 
recession of mercury by 1 divi¬ 
sion corresponds to q calories of 
heat 

viO=nq; or q — mdjn. . (10) 

Next the substance under 
investigation, previously heated 
to a temperature 0*, is dropped 
into some water at 0° contained 


Fig. 3.—Bunsen's Ire Calorimeter iu , the test-tube A. Theu if M, 

« denote the mass and the spe¬ 
cific heat of the substance respectively, and n' the observed recession 
of mercury thread in E, ve have 

M*V=n'q, 


or 


mn'0 

He' Hne'* 


( 11 ) 


This gives the specific heat nf the substance. The specific heat 
of rare metals which can be had in small quantities can be vendil\ 
found by this method. The apparatus is, however, not capable of 
great accuracy. A fundamental objection to the use of the ice 
calorimeter rests on the fact that a given specimen of water can 
freeze into ice of different densities. 

11. Joly’s Steam Calorimeter. —In the steam calorimeter devised 
by Prof. Joly in 1886 the heat necessan to raise the temperature 
of a substance from the ordinary temperature to the tomperature of 
Steam is measured by the amount of vapour condensed into water at 
the same temperature. In consists of a thin metal enclosure A 
(Fig. 4), double-walled and covered with cloth, which is placed 
beneath a sensitive balance. One pan of the balance is removed and 
from this end of the beam hangs freely a wire w supporting a platinum 
pan inside the enclosure. The substance whose specific heat is required 
is placed on this pan and weights added on the other pan till balance 
is attained. The temperature of the enclosure is observed by means 
of a thermometer inserted into the chamber, and in the meantime* 
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steam i» prepared in the boiler. It ie then admitted suddenly into 
toe chamber through the wide opening 0 at the top and eon escape 



Fig. 4.—Joly’s Steam Calorimeter. 


through the nariow exit-tube t at the bottom. Steam condenses on 
the substance and the pan, and weights are added on the other pan 
to maintain the equilibrium. Whfcn the pan ceases to increase in 
weight the readings are noted and the temperature of the steam read 
on a thermometer. During the final weighing the Bfceam is allowed 
to enter the chamber through a narrow escape-tube so as not to disturb 
the pan. The weight becomes practically constant in four or five 
minutes though a very slow increase of about 4 milligrams per hour 
may be observed due to radiation. The difference between the two 
weighings gives the weight of steam condensed. 

If W is the v eight of the substance, w the increase in weight 
of the pan, 0 1 the initial temperature of the enclosure, 0 a the tempera¬ 
ture of steam, k the thermal capacity of the pan, L the latent heat 
of steam, a the required specific heat, then 

Wafc-Bj + mOt-0,) = i oL. . . . (12) 

k is determined from a preliminary experiment without any substance 
on the pan and thus the specific heat of the substance is found. 

For great accuracy various precautions and corrections are neces¬ 
sary. Steam condenses on the suspending wire where it leaves the 
chamber and then surface tension renders accurate weighing difficult. 
A thin spiral of platinum wire in which a current flows, usually 
surrounds the suspending wire just above the opening, and is made 
to glow so that the heat developed is just sufficient to prevent erfr 
densation. A rapid introduction of steam is necessary in the 
stages, for steam also condenses on the pan due to radiation te srti co/fl 
air and the chamber, thus causing error. This is, of 
balanced by radiation from the steam to the ' mm. 
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Further w does not accurately represent the weight of steam con¬ 
densed since the first weight is taken in air at 0 1 °C and the second 
in steam at $ 2 D C. All the weighings must be reduced to vacuum 
and then the increase in weight calculated. Specific heat of raie 
substances can be found by this method since small quantities ot 
the substance are needed but a sensitive balance is indispensable. 
The specific heat of liquids and powders can be found by enclosing 
them in glass or metal spheres whose thermal capacity is taken 
into' account. Gases can also be similarly enclosed, but then the 
modified form of the apparatus—the differential calor im eter—is used. 

12. The differential Steam Calorimeter. —In this form invented 
by Prof. Joly in 1B99, both the balance pans are made exactly 

similar and ot equal thermal oapacit\ 
and hang in Iho same steam-chamber 
(hig. 5). The substance to be tested 
is placed on one pan and the ex 
cess of steam condensing on this pan 
over that on the other pan is entirely 
due to the substance. Thermal capacity 
of the pans, radiation from them and all 
other sources of error common to them 
arc eliminated, the substance bearing 
only its own share of the error. The 
chief use of this apparatus, fiowevei, 
consftts in the determination of the spe¬ 
cific heat of gases at constant volume 
The pans ai e then replaced by two equal 
hollow spheres of copper furnished with 
“catch-waters” (shown in the figure). 
One sphere is filled with the dried 
experimental gas at any desired pres¬ 
sure while the other is empty. These 
spheres are counterpoised by adding 
necessary weights m which represent 
the mass of the contained gas. Steam 
is admitted and condenses on the pans. 
A larger amount of steam condenses on 
the sphere containing the gas, the 
excess, say ttr, giving the amount of 
steam required by the gas. Now the 
specific heat at constant volume c n may 
be calculated from the equation 

= . . . (13) 

where 0 l arc the final and initial temperatures of the chamber. 

Prof. Joly used copper spheres of diameter 6'7 cm. and weighing 
and employed gases at different pressures. Corrections were 
fcjplM the following *.— 

expansion of the sphere due to increased temperature 
end*!** , pn t work done by the gas in expanding to this volume. 
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2. The expansion of the sphere due to the increased pressure 
of the gas at the higher temperature. 

3 The thoimal effect of this stretching of the mateiial of which 
the sphere is made. « 

4. The increased buoyancy of the Bphere dup to its increased 
volume at the higher temperature. 

f>. The unequal thermal capacities of the spheres. 

0. The reduction of the weight of water condensed to its weight 
in vacuum. 

Dewar has devised calorimeters based on an analogous principle in 
which he employed a liquefied gas as the calorimetric substance. The 
heat to be measured is applied to the liquefied gas whereby the liquid 
evaporates absorbing its latent heat and the volume V of gas thus 
produced is measured. The heat communicated to the liquid is then 
given by VpL whore p is the density of the vapour and L the latent 
heat of vaporization of the substance. Using liquid oxygen and liquid 
hydrogen the apparatus can be adopted for very low temporatures. 
In the case of hydrogen 1 c.c. of vapour at N.T.P. corresponds to a very 
small quantity of heat (about 1/100 calorie). This method has been 
utilised for measuring ihe specific heat down to verj low temperatures. 
The experimental substance (solid or liquid) is first kept in a constant 
tempciature bnlb (say 0°C) and then dropped into the calorimeter 
containing liquid oxygen or liquid hydrogen. 

4. ELECTRICAL METHODS 

13, The electrical method was hist employed by Joule in his 
attempts to determine the mechauical equivalent of heat. The 
electrical methods at» present available may bo subdivided into two:— 

(1) Method based on the observation of rise of temperature. 

(2) Method employing the stcady-flow electric calorimeter. 

We shall first consider the application of flics** methods to liquids 
because historically the method was first applied j»o ihem 

14- Methods Bused on the Rise of Temperature. —Following JouJe 
this method was adopted by many woikors the chief among them 
being Griffiths, Schuster and Gannon, W. 11. Bousfield and W. E. 
Bousfield. They employed this method for determining the mecha¬ 
nical equivalent of heat and found that it was capable of the highest 
accuracy. The same arrangements may be employed for finding the 
specific heat of liquids. 

The principle of the method is to generate heat by passing a 
current through a conducting wire Tf » iR the current through the 
wire of resistance I? and E the potential difference across its ends, the 
energy spent in a time t seconds is Eit ergs, provided E and i are 
expressed in electromagnetic units. If this raises the temperature 
of Af grams of a substance by 80 s , the specific heat * of the substance 
is given by the relation 

Eit = JMb B9, .(14) 

where J is the mechanical equivalent of heat (see Chap. IU). If B 
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is expressed in volts and t in amperes the enorgy spent is given 
in Joules (1 Joule—10 7 ergs.)* 

Any two of the quantities E, i and Ji may be measured, thus 
giving three methods. Griffiths, m his determination of the specific 
heat of water, chose to measure E and 7? which is rather difficult 
for B must be measured during the heating experiment. Griffiths' 
work is important since it first established the fact that the electrical 
method can accurately give the value of J in absolute units. Schuster 
and Gannon measured E and i. 

Jaeger and Steinwehr have applied this method to determine the 
mechanical equivalent oi heat and hence also the specific heat at 
different temperatures. They employed a large mass of water (50 
kgm) and consequently the thermal capacity of the vessel was only 
about 1% of that of the contained water. A section of their apparatus 
is shown in Fig. 6. A A is the cylindrical copper calorimeter lying 
on its side and properly insulated liom the surrounding constant- 

tempeiature bath B. On the 
uppei hide at 0 there is a hole 
for the introduction ni the 
heating coil II, the resistance 
theimometer and the shaft i 
which drives the stirrer SS. A 
current of about 10 amperes 
was allowed to flow tor six 
minutes through the constau- 
t.in heater II of 8 ohms resis¬ 
tance and the rise in tempera¬ 
ture was about 1'4°0. Tti 
these experiments an accuracy 
nt 1 in 10,000 was aimed at 
and bonce the results are very 
i eli able. 

15. The Method of 
Steady-flow Electric Calori¬ 
meter* —Great accuracy w as 
attained by Pallendar and 
Barnes by using the steady- 
flow electric calorimeter shown in Fig. 7. A steady current of the 
experimental liquid flowing through the narrow glass-tube f, about 
2 mm. in diameter, is heated by an electric current flowing through 
the central conductor of platinum. The steady difference of tempera¬ 
ture 80 between the inflowing and outflowing water is measured by 
a pair of platinum thermometers Pf. Pt at each end connected differ¬ 
entially in the opposite arms of a bridge of Callendar and Griffiths* 
type. The bulb of each thermometer is surrounded by a thick copper 
tube of negligible resistance attached to the central conductor. This 
cm account of its good conductivity keeps the whole bulb at the 
temperature of the adjacent water, and due to its low resistance 
prevents the generation of any appreciable amount of beat by the 



Pig. 6.—A Section of .Tamper ami 
Sleinwehr’s (^alornnetpi. 






H.] 8TEA0V-FLOW RLfiCTBIC OAXORIHSTBB M 

current near the thermometer. The leads L, L and P, P are attached 
to this tube of copper, the former for introducing the heating cumeht 
and the Jatted for measuring the potential difference across the centred 
conductor in terms of a standard cell by means of an accurately 



calibrated potentiometer. The potentiometer also serves to measure 
tlie heating current t by measuring the potential difference across 
a standard resistance included in the same circuit. In order to 
diminish the external loss of heat the How tube is enclosed in a herme¬ 
tically sealed glass vacuum jacket surrounded by a constant tem¬ 
perature bath. Neglecting small corrections the general equation is 
Ext = JMafa-ej+Jhi, . . . (15) 

employing the same notation as before, where h denotes the heat 
loss per second on account of radiation, and 0 lf 0, the temperatures 
of inflowing and outflowing water. The time of flow t in these experi¬ 
ments was about 20 minutes and was recorded automatically on an 
electric chronograph reading to O’Ol see. The mass of water M was 
measured by collecting tho outflowing water and was about 500 gm. 
The difference in temperature 0 2 — 0, was from 8° to 10°C and was 
accurately read to 001 B C. The heat loss h was very small and 
regular, and was determined and eliminated by suitably adjusting the 
electric current so as to secure the same rise of temperature for 
different rates of flow of the liquid. Thus for two rates of flow we 
have 

« JiM0 a -0 a ) + Jht , 

Ejjt = + Jht , 

. j- 

- («,-»,)■(*,-*,); • 

Since the temperatures at every point of the apparatus are the same 
in both experiments the heat loss h must also be the same. Hie 
specific heat a thus determined is the average specific heat for tho 
interval 80 and may be taken as the specific heat at the middle of 
the interval. 

The great advantage of this steady-flow electric method is that 
no correction is necessary for the thermal capacity of the calorimeter 
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since there is no change of temperature in any part of the instrument. 
Care must f however, be taken to secure perfect steadiness, as it is 
practically impossible to correct for unsteady conditions. Further, 
since all conditions are steady, the observations con be taken with 
the highest degree ot accuracy. There is no question of thermo- 
metric lag. It is essential, however, that the current of water be 
thoroughly mixed otherwise temperature over a cross-section of the 
tube will not be uniform. This is secured by having the central 
conductor in the form of a spiral instead of a straight wire. 

Callendar and Barnes used this method to find the specific heat 
of water at various temperatures. Their results are discussed in the 
next article. Callendar found the specific heat of mercury by this 
method. The central conducting wire was dispensed with, the flowing 
mercury itself serving as the conductor. Griffiths employed this 
method to determine the specific heat of anilino over the range 15° 
to 50°C. 

16. Specific Heat of Water.—In ordinary calorimetric experi¬ 
ments the specific heat of water is assumed constant at all tempera¬ 
tures and equal to uniLy. Accurate investigations of tlie last article, 
show that it varies with temperature. The first accurate experiments 
in this connection were those of Rowland in connection with his deter¬ 
mination. of the mechanical equivalent of heat (Chap. III). Ho 
argued that if th© specific heat of water at all temperatures were 
constant this mechanical equivalent must come out a constant 
quantity even if we used water at different temperatures. Th» 
variation in the value of J was due to the variation in specific heat. 


Table 1 .—Specific Heat of Water at different i r mperailin'*. 


Temp. 

Callendar 

Jtieger and | 

1 

Oslunne . 

Specifii heat 

■c. 

& Barnes 

Sleinwehr : 

Stimson & | 

in int. Joules 



1 

Ginning'* | 

(0, S. & G) 

0 

V0093 

(1 005) 

10070 

42169 

5 ' 

V0047 i 

1 0020 

10039 

4-2014 

10 , 

10010 , 

10013 

1001,') 

4*1914 

15 

roono | 

10000 

1 0000 

41850 

20 1 

00088 | 

1 0-9090 

00091 1 

41811 

25 

0-0080 

1 0 9983 

O’098.) | 

4*3788 

30 

0-0076 

09979 

0*9982 

4*1777 

35 

0-9073 

0*9978 

09082 

4*1774 

40 

00073 

0*9981 

09983 

4*1778 

45 1 

09075 

09987 

0*9985 

4*1787 

50 

0-0078 

0*9996 

0*9988 

4*1799 

60 

0-9087 


0*9997 

4*1836 

70 

10000 


1-0009 

4*1888 

80 

1-0017 


| 1*0025 

4*1056 

90 

10030 


1 1*0046 

4*2043 

100 

1-0057 


1*0072 

42152 
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The other accurate experiments on the subject are those of 
CaUendar and Barnes (sed. 15) and of Jaeger and Steinwehr (sec. 14). 
Both of them determined accurately the specific heat of water at 
various temperatures. Their values are given in Table 1 together 
with the values obtained recently by Osborne, Stimson and Ginninga 
at the National Bureau of Standards, Washington. In column 5 
Ihe specific heat is expressed in international Joules* per gram per °C. 



TEMPERATURE *C 

Fu». 8 —Specific Heat Curve for Water. 

The results of all these three investigations arc plotted in Fig. 8- 
ft will be seen that the values obtained by Callendar and Barnes lie 
somowhat wide of the others and appear to be less reliable chiefly on 
account of the uncertainty in the values of the electrical units 
employed. From those curves it is evident that water has a minimum 
specific heat at about 34 D C. It is on account of this variation that on 
p. 28 the calorie was defined with respect to 15°C. 

{Specific Heat of Solids 


17. Rise of Temperature Method.— The electrical method was 
first applied to solids by Gaede in 1902. E. II. Griffiths and E. 
Griffiths determined the specific heat of many metals over the range 
— 160° to + 100°C. The substance was used in the form of a calori¬ 
meter and was first cooled below the desired temperature. Electrical 
energy was utilised in heating the calonmoter and the temperature 
indicated by a resistance thermometer. The calorimeter was enclosed 
in a constant temperature bath whose temperature was kept constant 
to l/100th of a degree. Correction was applied for the heat lost by 
radiation. 

18. Nevnst Vacuum Calorimeter.—A different form of the appara- 
tus, known os tho vacuum calorimeter, wob used by Nernst and 
Lindemann for measuring the specifio heat at very, low temperatures. 
This differ ed from Gaede’s form essentially in having the calorimeter 
suspended in vacuum. The results achieved with its aid are of great 
theoretical importance and henoe their apparatus will be considered 


* 1 1st. Jools - l'OOMlXlO' ergs. 
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jh some detail. For good conducting solids such as metals the 
calorimeter shown in Fig. 9 (a) was used. The substance whose 
specific heat is to be determined is shaped into a cylinder C, having 
a cylindrical hole drilled almost through its entire length, and a closely 
titting plug F made for it from the same material. The Bubstance 
here acts as its own calorimeter. The plug is wound over with a 



Fin 9—\einst Vacuum C.iloinuclei 

spna] wue of purest platinum (shown dotted in the figure) which is 
insulated from it by means of thin paraffined paper, and finally liquid 
paraffin is poured over it. The upper part of the plug is somewhat 
thicker than the lower part, thus a good thermal contact is obtained. 
The calorimeter K thus conducted is suspended inside a pear-shaped 
glass bulb [shown at(b)j which can be filled with any gas or evacuated 
The whole can be surrounded by suitable low temperature baths such 
as liquid air or liquid hydrogen. The platinum spiral, which serves 
both as electric heater and resistance thermometer, is connected in 
series with the battery B, resistance r and a precision ammeter A, 
the voltmeter V indicating the potential difference across the spiral. 
In order to bring the calorimeter to the desired temperature of 
experiment, hydrogen which is a good conductor of heat was first 
admitted into the pear-shaped vessel and the latter surrounded by a 
suitable bath. Next the vessel was completely evacuated so that the 
heat losses from conduction and radiation were almost entirely eli¬ 
minated. In addition it wets surrounded by liquid air or liquid 
hydrogen. 
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To carry out an experiment a current was allowed to flow through 
the heater for t seconds and the voltage across it was adjusted to be 
'constant by varying the resistance r. If Bf, B{ and i>, denote 
the final and initial values of the resistance of the heater and the 
current through it respectively and E the constant potential difference, 

Ri=^ .... (16) 

Thus an observation of i/, t* and E gives R and Bp, and from a 
previous determination of the resistance of the platinum spiral at 
various temperatures the rise in temperature 80 can be found. The 
energy supplied electrically is Eit where i is the average value of the 
current. Now if M is the mass of the substance forming the calori¬ 
meter, s its specific heat, we have, 

Eli = JMs 8 0 + h .(15) 

This gives the specific heat at a singlp temperature since 80 is usualh 
]° or 2°. The boat capacity of the paper and paraffin can bo found 
and eliminat'd b\ taking different amounts oi the substance and at 
tlio same time arranging that the temperature lisp is the same. The 
bent loss h is very small and is determined and accounted for b} 
observing the rate of cooling before and after the experiment. 

.For iwri-iond acting solids the* calorimeter shown in Fig. 9 (c) was 
employed. The heating wire was wound over a cylindrical silver 
\osrp 1 J) and the whole covered with silver foil to diminish heat loss. 
This ioil was soldered at the bottom of the cylinder as indicated. The 
solid whose specific heat is required was placed inside the silver 
cylinder and the latter closed with the lid. The silver on account of 
its high conductivity keeps the temperature uniform and this is 
further secured b,y filling the cylinder with air through the tube in 
the lid. The tube is then closed with a drop of solder so that it 
may be gas-tight. It is absolutely necessary that air should be 
piesent inside the vessel to facilitate equalisation of temperature 
throughout the expel linen till substance Liquids and gases enn bo 
similarly admitted mto the cylinder and their specific heat determined. 

19. Results of Early Experiments. —In 1819 Dulong* and Petit 
from their investigations concluded that the pioduci of atomic weight 
and specific heat was constant for many substances , or in other words, 
atoms of all substances have the same capacity for* hcai. Begnault 
from his owm researches found that for ordinary substances the mean 
value of the constant w^as 6‘3B with extremes of 6*76 and 5’7. A 
more accurate value of the constant can be obtained from the kinetic 
theory (Chap. 111). The atomic heat at constant volume is shown 
there to be pqual to 3 R — 5-955. According to Richarz, the value 
of the ratio c p /c t for many subslanoes lies between 1*01 and 1*04, 
hence the atomic heat at constant pressure, the quantity commonly, 
determined should lie between 6*01 and 610. This law is of great 

* Pierre lionU Dulong (1785*1838), a distinguished French scientist who 2 m t 
an eye and a finger owing to the explosion of eome nitrogen chloride which h# 
discovered. 
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use in determining atomic weights. In illustration of the law table 41 ' 
2 is added. 

Table 2 .—Illustration of Dulong and Petit's law. 


Element 

Atomic Weight 

Mean specific 

Atomic 


a) 

heat (2) 

heat 



(l)x(2) 

Sodium 

23 00 

0307 

706 

Magnesium 

2432 

0-247 


Aluminium 

27-1 

02175 

583 

Iron 

55H4 

0110 

614 

Nickel 

5B*0H 

0*1092 

0 41 

Topper 

63 57 

0 0030 

5*92 

Zinc 

65 37 

0 0939 


Silver 

107 9 

00559 


Cadmium 

1124 

00557 

0-20 

Tin 

1187 

00550 

0-60 

Antimony 

l 12VR 

0*0502 

6*10 

Platinum 

1 19.T2 

0*031H 

C'21 

Gold 

197-2 

00309 

610 

Lead 

I 2072 

0 0310 

643 

Bismuth 

209*0 

0-0299 

622 


Mean value = 6*24 


In 1831 Neumann enunciated a similar law concerning molecular 
heats: the 'product of the specific heat and the molecular weight of 
compounds of similar composition is nearly constant. The value of 
the constant varies from one series of compounds to another. In 
illustration of the law the tablet 3 is added. 


Table 3.—Molecular Heat of Oxides . 


Compound 

Specific liodt 

Molecular 

M nlecular 

a) 

. 

-./dgiit 

(2) 

heat 

(1)*(2) 

Fe a O, 

0-1700 

159-8 

27*2 

Cr a O, 

01706 

192*0 

27*4 

As a O a 

0-1277 

197 8 

253 

8b a O, 

0-0901 

287*8 

25*9 

Bi a O a 

00605 

464*8 

28*1 



Mean value = 

= 268 


* Taken from Bandbuch dir Experimcntal-PhyBik, Vol, 8, p. 193. 
t Taken from Handbuch dir Ezyperimenta2*Phy&ik t Vol. 8, p. 200. 
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Neumann’s law can be considered as a particular case of the 
following law: The molecular heat of a compound may be considered 
as the sum of the atomie heats of its constituents. Thus if a com¬ 
pound has the composition A a Bz,C 0 D(i its molecular neat C p is given 
by the relation 

Cp=‘dC p ^+bCp^ +dCpjy * - * (17) 

where A, B, C, B stand for the different types of atomB composing 
the compound and C PA , C PB . etc., their atomic heats givon by 
Dulong and Petit's law. The law is of much use in evaluating the 
molecular heats of certain substances. 

20. Variation of Specific Heat with Temperature.— The specific 
heat as determined by the foregoing methods is not found to bo a 
constant quantity. Por solids and liquids pressure has little or no 
effect on specific heat Rise of temperature, however, in general 
produces an increase in the specific heat. The specific heat at very 
low tempera!urea shows a marked decrease. To illustrate this table 4 
is appended. 

Table. 4 .—Atomic, heat of silver at different temperatures. 
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denoted by C p . In the former process the gas is maintained at 
constant volume so that the whole heat applied goes to increase the 
internal energy of the gas. In the latter case the gas is allowed to 
expand against a constant pressure and in so doing it does external 
work. This work is obtained by using up part of the heat energy 
applied to the gas. Hence the specific heat at constant pressure is 
necessarily greater than the specific heat at constant volume by an 
amount which is simply equal to the thermal equivalent of the 
external work. 

Let us assume that the gas is perfect, i.e. t its molecules exert no 
influence on one another. This is approximately true for the permanent 
gases as Joule's experiment (Sec. 22) shows. Hence in this expansion 
no internal work against molecular attractions is done by the gas and 
the excess of heat supplied in the second case is simply the thermal 
equivalent of the external work. Consider the gas enclosed in a 
vessel of any shape and suppose the walls of the vessel can expand 
outwards. Let 8-4 denote an element of area of the walls and Sx the 
distance traversed by it measured along its outward drawn normal. 
Then the work done by the gas in this expansion against a cons¬ 
tant external pressure p is p SA8x and for the expansion of the entire 
surface the work is equal to 27p8.4 8 jc _ yZ8A.Sx = p8F where 
8F is the increase in the volume of the gas. Suppose a gramme- 
molecule of the gas, occupying a volume V x at temperature T °K and 
pressure p, expands to a volume V 2 at temperature (T+1)°K, the 
pressure remaining constant. Let Mc p = C p , Me, =- C, where M is 
the molecular weight of the gas. C p and C v may be called gram- 
molecular or molar specific heats. The work done by the gas in 
expanding from V x to V a is 

Pfr.-rj = R[(T+1)-T] -R, . . . (18) 

by the gas law’s. The thermal equi\alent* ni this woik is J(C P —C v ). 
Hence 

J(C p -C 9 )~R] .... (19) 

Or, if either R is expressed in calories, or V p and C v measured in 
ergs we get 

r,-<v r . 

This relation was first deduced by R. Mavcr 

22. Experiments of Gay-Lumc? end Joule.—Gay Lussac first 
carried out experiments to determine whether a gas does any internal 

•This assumes the First Law of Thermodynamics which will be discussed 
in Chapters Ill and X. 

t This u true for a porfect gas only For real gases it can he shown that 
^ p the differentials must be evaluated from the 

actual equation of state (Chapter IV) for the gas. 

•Louis Joseph Gay-Lussac (1778-1850) was a distinguished Frenoh scientist 
who investigated on the expansion of gases. He was interested in aviation and 
in 1804 made a balloon ascent for the purpose of making experiments. He was 
created a peer of France. 
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work in expanding. He allowed gas contained in a vessel at a high 
pressure to expand into an evacuated vessel and observed the fall of 
temperature in one and the rise of temperature in the other vessel. 
This is called free expansion or Joule expansion. In this the gas as 
n whole does no external woik while its volume increases, and the 
onl> work done will be that against molecular attractions which is 
called internal work. Somov hat later Joule employed a similar 
apparatus but he immersed the vessel in calorimeters. His apparatus 



Joule’s e\pci uncut uilh 
one idlonimtei 
Fi K . 10 



is indicated in Figs 10 and 11 The two vessels A and B com¬ 
municated with each othpr through a tube furnished with a stop-cock 
l - A was filled with dry air at 22 atmospheres while B was exhausted. 
First the whole apparatus was placed in a single calorimeter (Fig. 10) 
and the stop-cock C opened. No change in temperature of the water 
was observed showing that no internal work against molecular attrac¬ 
tions was done by the gas in expanding. To investigate the point 
further, the parts A, B, C were placed in separate vessels (Fig. 1]) 
containing water whose temperature could be read by sensitive 
^thermometers. On opening the stop-cock C the air expanded into B 
and the temperature of the vessel surrounding A fell while the tem- 
peratures of 13 and G rose. It was found that the heat lost by A 
was exactly equal to the sum of the heats gained by B and C, 
thus the total change in flic internal energy of the gas during expansion 


w zero, t. 0 ., 



- 0 where U is the internal energy and V 


the volume. This is called Joule’s law or Mayer's hypothesis. This 
fchows clearly that no interned work is done by a gas in expanding. 
Joule’s law holds only for the perfect gas to which the permanent 
gases of Nature like helium, hydrogen, etc. approximate. For further 
l discussion see Chap. VI, sec. 16 and Chap. X, sec. 8. As a matter 
of foot, a slight fall in temperature should be observable in Joule's 
experiment with one calorimeter but on account of the large heat 
^ capacity of the calorimeter it escaped detection. 
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23. Adiabatic Transformational —When the pleasure and volume 
of a substance change but no heat is allowed to enter oi leave it f 
the transformations are said to be adiabatic (a=not, dia=through, 
bates=heat, i.e., heat not passing through). In an isotheimal change 
the tempeiaturo is kept constant by adding heat to or taking it away 
from the substance. Considoi an amount of heat SQ applied to a 
perlect gas This is spent in raising the temperature oi the gas and 
in doing external work. If we eonsidor a gramme molecule of the 
gas, the former is equal to C t dT and the lattei equal to pdV/J, both 
in calories. Hence 

6Q =- C t dT+ V dViJ, 

or, if SQ and C\ are measuicd in ergs, 

bQ C'dTrpdl . (20) 

This equation combined with pV RT will give the solution ot 
all pioblpins on peibn gases In au adiabatic tiansfonnrtion 
$Q =0 Therefore 

(WhpdV- 0 . . ( 21 ) 


in oidu to find a illation between p and I wc must eliminate 
T hum (21) by means ot the gas iquatiun pl T = RT Differentiating 
the latl i we have.. 


pdV | Vdp-Rdl 


( 22 ) 


Substituting lot dT liom (22) ill (21) 


pd\ \ Vdp 
v R 


4 pd I 


we get 
0 


and replacing J? by C p —C lt 


Denoting C p f i\ 


C\Vdp +- C^pd I 
by y we obtain 


dp 

T 


- + 


d\ 

y T 


- 0 

= 0, 


which on mtegiation yields 

log p + y log V =- constant, 

or pV v =■ constant . . (23) 

This is the adiabatic relation between p ind V lor a peifect gas 

To find the adiabatic lelation between T and V or between T and 
p wo must lespectively eliminate p oi V between equation (23) and 
the gns equation pV =. RT The results aie 


TV V ~ 1 = constant, . . . (20) 

Tp(r-v)/v = constant . . . (25) 

Exercise —Dry mr enclosed at 25°0 and at atmospheric pressure 
ta suddenly compressed to half its volume Find (a) the resulting 
temperature, (5) the resulting pressure. Assume y = T40 


* For real gases instead of PV—RT, and C p — (\ = P, wr must substitute the 
actual equation of state and the true value of C p — C 9 We shall then get the 
■relation between p, V and y for real gases 
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(a) From (24) T.-TfF/FJ*-* = (273-1-25) (2) 1 - 4 - 1 ~893°K. 

(b) From (23), P^tfV/VJ* = p x2 1,4 = 2-64 atm. 

24. Experimental Methods*. —Lot us now consider the experi¬ 
mental methods of finding the specific heat of gases. Since for 
perfect gases C p -C e = R t a knowledge of one of the specific heats 
gives the other. Again, if we determine y, i.e., C p /C 9 the above 
relation will give both C p and C t . Hence the experimental methods 
may be divided into three classes: 

(a) The measurement of C p 

(b) The measurement of C v 

(c) The determination of y. 

(a) MEASUREMENT OF C p 

25. The specific heat at constant pressure has been found either 
by the Method of Mixtures or by the Constant-Flow Method. The 
principles of these methods have already been explained. 

26. Method of Mixture*—Regnaolt’s Apparatus.— -This method 
was first applied to gases by Lavoisier and Laplace. Improvements 



Fig. 22.—Regnault’s Apparatus for Cp. 

were made later by Delaroche and Berard, Haycroft and Regnault. 
Begnault with his great experimental skill obtained results of high 
accuracy. His apparatus is indicated in Fig. 12. Pure dry gas was 

i * The reader will find ~ venr good account of these methods in Partington 
and Shilling : Specific But * of (feu*. 
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compressed in the reservoir A which was immersed in a thermostat. 
The reservoir was provided with a manometer (not shown). Gas 
could be allowed to llow through the stop-cock V at a uniform rate. 
This was effected by continuously adjusting the stop-cock V (shown 
separately) so that the pressure indicated by the manometer R was 
constant. The gas then Unwed through a spiral S immersed in a 
hut oil-bath and then iuto the calorimeter C finally escaping into 
the air. The gas sequin d the temperature T of the bath and raised 
the temperature of the calorimeter, say, from 6 i to 0,. 

If m is the mass of the gas that flows into the calorimeter, c p its 
specific heat is given by 

7>h p (t- + ^ w(0 a -0,), . . (26) 

where w is the thermal capacity of the calorimeter and its contents. 
The mass m of the gas was determined by Ilegiiault as follows: — 
for any pressure p he assumed that the weight TV of the gas contained 
in the teservoir at tempera!uto B was given by the relation 
TT'(l + a0) Apt Up* + Cp\ 

where A, B , C were del d rained from a series of preliminary experi¬ 
ments. Hence the weight TV' of gas corresponding to the obseived 
pressure p' at the end of the experiment is given by 
lV'(l + a0J Ap' + Zip' 3 + Cp' 3 . 

Thus TV-TV', i c., the weight ni the gas that flowed out was found.* 
In practice, corrections are necessary for the loss or gain of heat 
by conduction, convection and radiation w’hieh have to lie found out 
bj obsejving the change in lemperature of the calorimeter before 
and after the experiment, and taking the average. 

27. Other Experiments.— The experiments of Wiedemann were 
essentially similar to those oi ltcgnault. Lussana devised a high- 
pressure appaiatus in which the same amount of gas enclosed at 
a high pressure can he repeatedly heated and passed through the 
calorimeter. The principle employed is the samp as in Regnnult’s 
experiment. This apparatus can be used to find the specific heat 
of gases at very high pressure and possesses the advantage that the 
gas is not wasted. 

Tor determining the specific heat at high temperatures the experi¬ 
ment of ITolhom and Henning may be mentioned. Emploving suitable 
electric heaters, resistance thermometers and well-designed calori¬ 
meter they were able to find the specific heats of nitrogen, carbon 
diox.'de and steam up to 1400°C. The calorimeter corrections are 

• If tliB perfect gas relation pv—lfTfftl (p. 5), where r is tho sporific volume 
of tho gas and M its molecular weight, is assumed to hold, a simpler expression 
for IV — TV' can be easily obtained. Let V denote the volume of the reservoir 
and p — 1/v, the denaity of the gas. Then. 

w = Vf=x wr’ “ a w ~ w ’= It **-*• 

where p is expressed in dynes and Z? in ergs. 
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difficult and uncertain. The barne method has been used by Nemst 
in finding the specific heat of ammonia up to 600°0. 

28. Constant-flow Method. —For finding the variation of specific 
heat with temperature the constant-flow method is most suitable, and 
was first used by Swan. The most recent form of the apparatus is 
that used by Sell eel and lleu&c in finding the specific heat down to 
very low temperatures and is in principle similar to that shown in 
Fig. 7. 

The gas under test, previously brought to a steady temperature 
by passing through a suitab'e bath, flows through the calorimeter in 
a steady stream. Inside the calorimeter it is heated electrically by 
a heating coil of coustantan and thus the energy supplied can be 
calculated. The temperatures of the incoming and outgoing gaseB 
aic observed by resistance tbeimometers. The specific heat can bo 
calculated by mi equation similar to (15). 

For woik nt low temperatures the gas was initially passed through 
a low temperature balli in \Uuch the culorimeter was also immersed. 
Jn studying helium and other rare gases Scheel and House modified 
the apparatus so as to employ n closed circuit. These experimenters 
carried out measurements on various gases in the range 0° to — 180°C. 

For measurement of specific heat at high pressure the constant- 
flow method has been employed by Jlolborn and Jakob and gives 
the most i pliable results. 

(b) METPIODS EASED ON THE MEASUREMENT OF C v 

29. Steam Calorimeter. —Tlio direct determination of C v is best 
made by means ol July’s btiam calorimeter (^ec. 12). The method 
of earning out the experiment and the rn'ce&bary details will be found 
in that section. 



Fig. 13.—Pier’s Explosion Bomb. 


30. Explosion Method. —Following the work of Bunsen, Vieille 
and others, Bier improved the explosion method and devised the 
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modem explosion bomb indicated in Fig. 13. Immersed in the water- 
bath B is a steel-bomb A which has a side-tube M through which the 
bomb can be evacuated and various gases introduced at the desired 
partial pressures. S is a corrugated steel membrane closing an open¬ 
ing in the bomb and carrying a mirror S. Light reflected from the 
mirror falls on the photographic film F which revolves on a drum. By 
applying various known static pressures and noting the deflection of 
the light spot, the pressure attained in any experiment can bo found 
simply from the record on the film. Any explosion mixture, say, 
a mixture of hydrogen and oxygen together with the inert gas whose 
specific heat is required, is introduced in the bomb. By 'inert* is 
meant any gas which will not take part in the reaction cither from 
want of chemical affinity or due to its presence in excess. The 
partial pressures of the various gases are known. The explosion is 
Btarted by means of electric sparks and the final pressure reached (pj 
is observed. This takes about 01 sec. 

The calculation may be easily made. If the vessel were allowed 
to cool to the initial temperature T a (absolute), suppose it would 
record the pressure p 2 . The maximum temperature T, readied during 
the explosion is calculated from the value of p u for, from the gas 
laws, since the volume remains constant. 



Or if pi denote the initial pressure and e the ratio of the final to the 
initial number of molecules (owing to the explosion the total number 
of molecules changes), 

p a = cp, [y volume and temperature are the same] 



where P is the ratio of explosion pressure to initial pressure. The 
relation connecting the specific heals and the heat of reaction is 

« ( T ,- r a ) [wr\r+nC tt ] f .... (29) 

where m is the number of gramme-molecules of the reaction products; 
n the number of gramme-molecules of the inert gas; Cm C»< , respec¬ 
tively their mean molar specific heats over the range (T t —T a ), and Q a 
the heat of reaction for the explosion mixture at T a ". Q 2 is generally 
known from thermo-chemical data. We can determine C vr by explod¬ 
ing either with different amounts of a gas whose variation of specific 
beat with temperature is known, or with different quantities of argon, 
■ substance whose specific heat is constant. Then the same reacting 
gases may be exploded with any inert gas, and knowing C vr , we can 
find C,; for the inert gas. 

The method is very suitable for measurements of specific heat 
at high temperatures and has been used to about 3000°C but suffers 
from the disadvantage that directly it gives only the average values 
over a wide range and not the specific heat at any temperature. 
Further, corrections are necessary for loss of heat, effects of dissocial 
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tion, incomplete combustion, etc. For argon, Pier found that the 
specific heat does not vary with temperature. 

31. Nemst's vacuum-calorimeter method is employed to find 
Cv at low temperatures. The gas is enclosed in the calorimeter 
[Fig. 9 (c)]. Eucken in this way found the specific heat of hydrogen 
between 85° and 273 °K and obtained interesting results. 

(v) METHODS EASED ON DETERMINATION OF y 

32. As already pointed out this is an indirect method of finding 
Ihe specific heats of gases. Though indirect it is capable of the highest 
accuracy so that the modern accepted values of specific heats are 
based uu the values of y thus obtained. 

The methods for measuring y, the ratio of the two specific heats, 
may be classified under two heads: (1) those depending on the 

adiabatic expansion or vompreavion of u gas, (2) those depending on 
the velocity of sound in the gas. Wo shall first consider the former. 

(1) Adiabatic Expansion Method 

33. Experiments of Clement and Desonnes. —Cldment and 

D&nimes were the first tn find y by the adiabatic expansion method. 
Their original apparatus lias been considerably improved and is 
indicated in Fig. 14. A large flask A ot about 2B likes capacity is 

closed by a stop-cock M about 1*4 cm. in diameter. The flask is 

connected to the manometer P.P^ by means of a side-tube and is 
plugged with cotton wool to avoid loss of heat. First the flask is 
partially evacuated and the pressure p % recorded by the manometer, is 
obsened. The stop-cock M is then opened and quickly closed. Air 
rushes into the flask till 
the pressure inside and 
outside becomes equal. 

The process is adiabatic 
since the loss of heat in 
the shoit interval for 
which the stop-cock M is 
op n n may be neglected. 

The temperature of the 
air in the flask rises on 
account of the inrush of 
tlie external air and the 
pressure becomes atmos¬ 
pheric. The flask is next 
allowed to cool to the 
temperature of the sur¬ 
roundings when the water 
in the manometer rises 
and Anally indicates the 
pressure p f . 

Let the atmospheric 
*>rossure be p A and the . 

specific volumes of air at Fig. 14,—Clement and D&onnea' Apparatus. 
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the pressures p 4l p A , p f , be respectively v A% Vf . The first process 
is adiabatic and hence we have, assuming the gas to be perfect, 

Vi''? = Va »a v - (30) 

Since the final temperature is the same as the initial, we have, 
considering 1 gram of the gas, 

P* = Vf *7.(31) 

Again, v A Vy, . . . (32) 

because the volume of the manometer tube is negligible compared with 
that of the flask and hence there will lie no appreciable change in the 
specific volume of the gas due to rise of liquid in the manometer. 
Combining (30), (31), and (32), we have. 



or ■„ = loR P' - lo K Va 

7 Vi - log Vf 

If, as usual, the changes in pressure are small, 

v _ n-vj 

Pi -Vf’ 

From the measurements of C16mcnt and Ddsormes, Laplace deduced 
the value of y to be 1*354. 

In tills experiment there is a source of serious error. We have 
assumed that the pressure inside has become atmospheric when the 
stop-cock M is closed. Actually, liowevpr, oscillations ^et in; on 
account of the kinetic energy more air first rushes in than would make 
the pressure just atmospheric, and hence the pressure inside becomes 
greater than j* A . Next some air rushes nut till the pressure inside 
is less than p 4 and so on. After several such overshootings the 
pressure p 4 is attained. This fakes considerable time and, as a matter 
of fact, this tn-and-fro motion lias not subsided when the stop-cock 
is closed. It must be closed at the instant when during an oscillation 
the pressure just becomes atmospheric. This is very difficult to secure 
and hence later investigators tried to avoid it by measuring the change 
in temperature resulting from adiabatic expansion. The stop-cock 
has not to be closed in this case. Wo shall consider shortly the experi¬ 
ments of Lummer and Fringshcim and of Partington and Shilling 
based on this principle. 

Wo have assumed above that the incoming air has the snme 
temperature as the air in the flask initially. To avoid correction in 
case it is not so, it is better to start with compressed gas in the flask 
when a U-tubo manometer must be used in p T ace of I\- . Further 

care must be taken to use perfectly drv air for y is appreciably 
different for moist air. Consequently sulphuric acid is generally used 
as the liquid in the manometer. 

34* Experiments of Joule, Lummer and Pringsheim, and 
Partington,—J ouIb was the first to study the change in. temperature 
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by adiabatic expansion or compression. Various investigators later 
employed this method to deteiimne y. Air was compressed in a vessel 
and its temperature and prps&uie observed. It was then allowed to 
expand suddenly to atmospheric pleasure and the change in tempera¬ 
ture noted. The calculations can bo easily made. If p,, T, denote 
the pressure and temperature before expansion, p a , T a the same 
quantities after the expansion, we have, from (2o) 


*i Pi y =T 2 p 2 * ' 

or (1-7) lo s!!‘- 7 lo S «,*. 

r a L i 

._ __ loRP.-logP* , ... (33 )* 

” y ii»e Pi-i'*g pJ-Cog t i- 1o 8 t 2) 

Thus y can be calculated. 

Lummer and Piingsheim made considerable improvements in the 
appaiatus lor doteimimng y by this method. They employed a 90-litre 
copper sphere and measured the change in tempciature by the change 
in resistance of a thin bolometer wire hanging at the centre of this 
splipre. A Thomson galvanometer having a period of 4 sec. was 
used as a null instrument. Certain cnors are, however, inherent in 
the apparatus. 

In order to eliminate these errors Partington has further improved 
the apparatus He used a large expansion vessel (130 litres capacity) 
and a bolometer of veiy thin platinum wire ( 001 to *002 mm. in dia- 



Fig. 15.—Partington’s Apparatus. 

meter) with compensating leads; thus thero was no lag. Further AD 
* This is true for a perfect gas only. For real gases it requires modification. 
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Einthoven siring galvanometer capable of recording temperature m 
D1 sec. is used so that a detailed record of changes in temperature 
tif the gas during and after expansion iB obtained. His apparatus is 
indicated in Fig. 15. The vessel A is provided with the expansion 
valve G which can be manipulated by means of the spring P and 
whose size can also be varied. A is connected to the sulphuric acid 
manometer M, the mercury manometer m, and the drying tubes F. 
Thus carefully purified air enters A, Further the vessel A iB kept 
immersed in a water-bath which is kept stirred by S. B is the bolo¬ 
meter wire (shown separately in the figure) and is connected in one 
arm of a Wheatstone bridge. G is the string galvanometer. 

The initial temperature was read on a carefully standardised 
mercury theimomctjr T immersed in the bath and was given correct 
to *01°. Then the resistance in one arm of the Wheatstone bridge 
was lowered to give some deflection in the galvanometer. It was bo 
arranged by trials that immediately after expansion this deflection 
was reduced to zero. After the expansion experiment some ice was 
continuously added to the bath to keep its temperature constant and 
equal to that immediately after expansion. This was ascertained by 
keeping the galvanometer deflection steadily at zero, and the tem¬ 
perature of the bath was again read on the same mercury thermo¬ 
meter. 

If the aperture is too large, oscillations of the gas take place and 
the galvanometer deflection is not quite steady, the initial dpflection 
being somewhat greater than the true value. If the aperture is too 
narrow, prolonged expansion results and the process is not adiabatic. 
In practice, the aperture was gradually diminished and when over¬ 
shooting was eliminated the deflection was instantaneous and perfectly 
Steady. The atmospheric pressure was read on a Fortin’s barometer 
and y calculated from the foregoing formula, y was found to be 
1‘4034* at 17°C. This method cannot be used at high temperatures 
since it is impossible to determine accurately the cooling correction. 

35. Riichardt’s Experiment —A simple method for determining 
y, which is suitable for class-room demonstration, has been described 
by E. Buchardt. The apparatus consists of a large glass bottle "V 
(Fig. 16) fitted air-tight with a glass-tube at tho top and a stop-cock 
H at the bottom. The glass-tube has a very uniform bore in which 
a steel ball of mass m fits very accurately. If the ball is dropped into 
the tube, it begins to oscillate up and down and comes to rest after a 
few oscillations. If the period of oscillation be determined with a 
stop-watch, y can be easily calculated. 

Let A be the cross-section of the glass tube, v the volume of the 
Jiottle, b the barometric pressure, and p the pressure in the flask. 
Then in the equilibrium position 

P - b + .(84) 

Using this, the velocity of sound in dry sir at 0*C was calculated from 
equation (38) to be 331'38 metres which is in close agreement with Hebb’s mean 
value 231*41 m./seo. (Sec. 37). 
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If the ball now moves a distance x downwards, it compresses the 
air adiabatically increasing the pressure to p + dp f hence its equation 
of motion is 
ct^sc 

m = Force of restitution a 

at* • 

-~ Ad P- J,m 

Now since pv y = constant, we have J 

, du Ax 

dp=-yP T = yP— . . . (35) JL 

for dv = —Ax. J I 

d 2 x v»i4 a x f* 00 ** 


ypA 2 x 


from which the period of oscillation comes 
out to be 


— 27r i / mv 

V ypA* 

4ir 2 mv 

7 = p.4 2 'T J ' ' 



• (37) 


Fig. 16.—Ruchardt’s 
Apparatus. 


Thus, knowing T, p and the constants of the apparatus, y can be 
evaluated. 


(2) Velocity of Round Method 

36. This method also depends upon the adiabatic expansion and 
compression of a gas but differs from tbc furcgoiug method in that 
no direct measurement of changes in temperature or pressure need 
be observed. The method lias given us the most accurate data 
regarding specific heats for both high and low temperatures and so 
we shall consider it in some detail. 


The velocity of sound in any fluid is given by the equation* 
U = »/E t /p where E § is the adiabatic elasticity of the fluid and p 
its density. For adiabatic changes in perfect gasest pv v = constant 
(p. 48), hence 



yp from (35). 


■■ v = ]/ y j . 

Thus, if we determine the velocity of sound in the gas we can 
find y. 

37. We may adopt either of the two following methods. The 
absolute velocity of sound in the gas may be determined, or we may 


•See Barton, Sound. 

i* For real gases we must take into account the true equation of state (Chap. 
IV) and substitute the value of (8p/0v) from that equation. In all accurate work 
this is done. 
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compare the velocity with that in another gas (say, air) which has 
been determined accurately by other methods. 

For our purpose we discard the large-scale determinations of 
the velocity of sound in air on account of the various defects inherent 
in them. The most accurate direct deteimination of the velocity 
of sound in air was made by Hebb in 1905 by a method depending 
on the reflection of sound of known frequency from parabolic mirrors. 
His mean value after employing all corrections gives 331‘41 metres/ 
sec. as the velocity of sound in air at f)°C and 700 mm. pressure. 

Now we must remember that practically all determinations of 
the velocity of sound in gases have been made in tubes, but the 
velocity in a tube is not the same as in free space. Corrections have 
to be applied to reduce this velocity to that in open space. In 
equation (37) the velocity in open space must bo substituted. Dixon 
has directly determined the velocity of sound in different gases from 
15°C to 1000°C in a very satisfactory manner, llis result may be 
employed to give y- 

Mcthod based on the Measurement of Wavelength. 

38. Kandt’s Tube.—Kundfc firbt devised an apparatus by means 
of which he could find the velocity uf sound in a gas. This consists 
simply of a glass tube ubout 1 metre in length and 3 cm. in diampter. 
One end of the tube was fitted with a movable stopper, while through 



Fig. 17.—Kundl’a Double-tube Apparatus. 


the other end passed a loosed\-fitting disc carried by a glass or metal 
sounding-rod which was itself clamped at its centre. Later Kundt 
employed the double-tube apparatus indicated in Fig. 17. Two tubes 
A and B are connected by means of the sounding-rod S which is 
clamped at distances one-quarter of its length from either end. The 
tw T o rubber corks, d, d in the tubes A and 11 provide the clamping 
arrangement. The pistnns P, P can be moved to and fro to bring 
the tubes in resonance with thp rod S. Throughout the length of 
each tube is spread some light dust such as lycopodium powder or 
silica dust. One tube is filled with air and the other with the experi¬ 
mental gas. The snunding-rod S is excited by rubbing it at the 
centre when the dust is thrown into violent agitation nt the anti¬ 
nodes and collects nt the nodes. The distance between successive 
nodes equals half-wavelength, and knowing the frequency of the 
sound the velocity is easity obtained. The double form of the 
apparatus is verv convenient for comparing the velocity of sound in 
any gas with that in air for 
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VariouB precautions are, however, necessary. The tube and the 
powder must be perfectly dry. Carefully purified air must be used 
or corrections* for the \ariou& impurities must be made. Too much 
dust should not be used for excess of dust diminishes the velocity. 
A decrease in the diameter of the tube diminishes the velocity. 
Finally, fiom tlio velocity m the tube the velocity in open spuce must 
be deduced. Though mathematical equations gi\ing the requisite 
correction have been developed by Helmholtz, Kirchhoff and others, 
they are not quite adequate and the best method is to express the 
velocity U' in the tube as 

U' — U(l -kC) .(40) 

where U =. velocity in open space, 

7r =■ a constant depending on the tube (its radius, thickness, 
thermal conductivity, suiface, frequency of the sound, 
etc). 

G = a fnrtor depending on the gas (its viscosity, density, ratio 
of specific heats, etc.) 

Kirchhoff showed that 

whore 17 = viscosity, p — density, y — ratio of specific heals and 
c Kfrjc^ K being the thermal conductivity. For air from Hebb's 
experimpnls we know 17, and by observing U' and calculating C f & 
for the tube is determined. This value of h is employed to give U 
the velocity in open space for any other gas. 

Kundfc and Warburg later employed this method to determine 
the velocity of sound in mercury vapour. One of the hibes contained 
mercury vapour anil was heated in an air-bath to about 300°C. The 
distance between two nodes was mnasurnd when the tube cooled. 
They found y = 1600. Itamsay employed this method to find y for 
argon but on account of cprtain difficulties he got a low value. Bchn 
and ticiger improved the apparatus considerably. They dispensed 
with the sounding rod and employed a sealed tube containing the 
experimental gas as the Roume of sound. This tube was clamped in 
its middle and was excited liko the sounding-rod. The tube should 
be chosen properly and ils length bo adjustable so that the contained 
gas may give resonance with the sound emitted by the rod. The 
apparatus was eminently suited for gases at high temperatures. This 
method was later employed by different investigators particularly by 
Partington and Shilling. 

* It con be easily shown from very simple considerations that for a mixture 
of perfect gases, 

** = P> i_ JP ■ 

r-i y,-i y,-i 

where p xi p. are the partial pressures of those gases, P the total pressure and r 
stands for the ratio 6 p / L\ for the mixture. 
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39* Experiments of Partington and S hilling. —Those investi¬ 
gators determined the velocity of sound in various gases up to 1000 B C 
by a resonance method. The apparatus is diagrammatieally repre¬ 
sented in Fig. 18. 

FF is a silica tube 230 cm. long and wound over almost 
along its entire length with heating coils. To this tubo is attached 
at X a glass tube, MM, 150 cm. long. Inside the former is the piston 
P of silica carried by the rod A, also of silica. BB is a steel tube 
joined to A by moans nf a cork. The tube BB carries a saddle I 



moving on a millimetre scale, thus the displacement of the piston 
can be found. Through thiR tube pass the thermo-couple IcadH to the 
potentiometer system E. The obher end of the silica tube is closed by 
a telephone diaphragm T which can be moved by means of the screw 
Y. This end can be closed gas-tight by means of the bell-jar J. The 
telephone diaphragm is excited by a valve oscillator V giving a note 
of frequency 3000. D is a side-tube from w’hieh a rubber tubo leads 
to the ear of the experimenter. X is an asbestos plug to prevent 
radiation of heat to M. 

The silica tube is filled w T ith tile experimental gas and m aintained 
at the desired temperature. The central tube AB is gradually moved 
away from I) and the successive positions of the saddle I on the 
millimetre scale corresponding to a maximum sound in D are noted. 
The successive distances correspond to A/2 and knowing the frequency 
the velocity is determined. The position of T has to be adjusted at 
different temperatures in order to give maximum sound in D when it 
will be at a distance A/2 from the latter. 

Cook employed this method to find y for air and oxygen from 
90° to 293°K. His apparatus may be visualized if wo imagine the 
hot-air bath of Kundt and Warburg to be replaced by a long Dewas 
flask containing liquid air. 








a.] SPECIFIC heat of superheated vapour 01 

40. specific heat of superheated or non-satnrated vapour. —Beg- 
nsult determined the specific heat of superheated or non-saturated 
steam and other vapours with an apparatus which was essentially 
similar to that shown in Fig. 12 (p. 49). Steam is superheated to 
T“ by passing it through the spiral S in the oil-bath kept at a 
temperature above 100° C. The superheated steam is next passed 
at constant pressure into the condenser kept immersed in the water 
calorimeter, and the rise in temperature of the latter from 0 1 to 6 % 
noted. 

If m is the mass of stoam condensed, c p its moan specific heat 
at constant pressure between the temperature T and its condensing 
point 0 ° at constant pressure, and L the latent heat of steam at 0 °, 
the quantity of heat given by the steam is 

mc p (T - 0) + mL + m (0 - 0 a ). 

This must equal 10(03 — 0!) where w is the thermal capacity of the 
calorimeter and its contents. Hence 

mc p (T— 0 2 ) = ie( 0 2 — 0 J. . (41) 

The experiment is then repeated with another value of T and a 
second equation similar to the above obtained. Solving the two 
equations, the two unknowns c p and L are determined. Rcgnault thus 
found c p for steam between 225°C and 125°C to bo O'48. 

In case of vapours of other liquids, the specific heat of the liquid 
must be taken into account in writing out the above equations. 

41. Results. —In the foregoing pages we have considered the 
various methods of finding specific heats. In table] 5 (p. 62) we 
give the values which best represent the experimental data. Wo 
reserve our comments on these values for the next chapter. 


t Token from Handbuoh dtr Exptrimtntalphysik, Vol. B, p. 33. 
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Table 5 .—Molar HeatB in Calories at 20 °C and 
Atmospheric Pressure . 


Gas 

0, 

c v 

c p 

Y c 

.Remarks 

Argon 

Helium 

407 

407 

2 98 

208 

10G6 

1‘600 

| Monatomic 

Hydrogen 

0-8(55 

4-88 

1-408 

) 

Oxygon 

7 03 

5035 

1-390 

i 

Nitrogen 

0 95 

4-955 

1-402 

| Diatomic 

Nitric oxide 

7-10 

5-10 

iao | 

Hydrochloric acid 

701 

5*00 

1’41 1 


Carbon monoxide 

0 97 

4 98 

i-40 


Chlorine 

8 29 

015 

135 


Air 

G‘950 i 

4*055 

1*402 1 


Carbon dioxide 

i 883 , 

G'80 

1299 

) Triatomio 

Sulphur dioxide 

9 65 

1 7f)0 

1*29 

Hydrogen, sulphide 

0-3 

! 6-2 

1-34 

i 

Methane 

8-50 

0-50 

V31 


Ethane 

12 355 

1(V30 

P20 


Acetylono 

10-45 

8-40 

V21 1 

\ rolyatomio 

' 

Ethylene 

10-25 

8 20 

1125 ! 

Ammonia 

B-B0 

0-55 

1-315 | 

i 



41. Special Calorimeters.- Various Upes of caloiiincters have 
been devisul inr special purports e.q., Inr the lneumirimcnl of the 
heat of combustion, heat of chemical i paction, heat of dilution, etc., 
but they iuvohe no new principles. Particular interest, however, 
attaches to the determination of heat of combustion in industries, for 
the value of fuel is judgpd mainly 1mm its calorific value. This heat 
can be easily determined with (he help of the culoiimetric ‘bomb’. 

l ? ig. 19 indicates the calorimetric ‘bomb’. Jt consists of a stout 
steel-cylinder A fitted with a cover held down tightly by suitable 
means. The cover has a milled-hcad screw valve which Varies the 
cavity fcj and thereby regulates the admission of oxygen through the 
tubes B and G into the bomb. Through the centre of the cover but 
insulated from it passes the wire i which is connected to the platinum 
wire w, the oilier end of the latter being connected to r. There is 
another similar screw valve varying the cavity 7f„ through which gas 
can go out of the bomb. To enable the bomb to withstand the 
corrosive action of the products of combustion it is plated inside with 
gold, though platinum would be better. The bomb is enclosed in an 
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ordinary calorimeter such as is used for the method of mixtures. 


This calorimeter is provided with a 
stirrer and accurate mercury thermo¬ 
meter The whole is surrounded by 
a constant temperature jacket. 

To find the heat capacity of the 
bomb and its accessories a known 
amount of electrical energy may be 
spent in tlie system or a fuel of 
known calorific value burnt. The 
former method is adopted m 
standardising laboratories and the 
latter in actual practice. 15en/oic 
acid is most suitable for this cali¬ 
bration. The fuel, if solid, is formed 
into a small briquette; it liqu’d, it is 
soaked in pure cellulose and put in 
the platinum dish F and ignited. 
About three times the .amount of 
oxygrn just necessary for complete 
combustion is admitted through 13., 
(\ The oxygen is generally employ¬ 
ed at a prossurp of about 2/5 atmos¬ 
pheres and at this high pressure the 
combustion is almost instantaneous. 
As a result of tliesp experiments it 
has been found that the caloiifie 
value of anthracite coal, wood (pine), 



petrol and methylated spirit are 8 8, 4'4, 11*3 and C’4 kilocalories per 


gram resp actively. 


42. Heat balance in the human body.— The temperature of the 
human body remains almost constant iu health. The chief loss of 
heat is from the skin and from the excretory functions, the skin 
contracting in winter to diminish this loss. Heat is supplied to the 
body by the food we eat and by the oxidation of living tissues and 
muscles. The blood stream serves to keep the temperature of the 
body uuifoim. Due to the larger heat loss from the body in winter 
wo have to take more food and cover ourselves with heavier clothes. 


Book* Recommended 

1 . Glazcbrook, A Dictionary of Applied Physics , Vol. I, article 
on ‘Calorimetry’. 

2. Partington and Shilling, Specific Heats of Gases, 

3. Handhuch der Etrperimcntalphysik, Vol. 8 Part T. 
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KINETIC THEORY OF MATTER 

The Nature of Heat 

1. Historical. —In the legends of some ancient nations, it is 
said that fire was first made for man by some friendly spirit by rubbing 
together two pieces of stick. The legend probably refers to a prehis¬ 
toric discovery of the art of making fire. But though this way of 
producing heat by friction clearly indicates the real nature of heat, 
the early philosophers had no correct notion about it. They philo¬ 
sophized from the observation that heat could pass spontaneously from 
a hot body to a cold one. Heat was, therefore, supposed to be a 
kind of fluid— the caloric fluid . 

Various fictitious properties were assigned to this hypothetical 
fluid. It was supposed to possess no weight, since bodies did not 
increase in weight on mere heating. Further, it was supposed to 
be highly elastic, all-pervading, indestructible and uncreatablc by 
any process. The particles of this fluid were supposed to repel one 
another strongly which explained the expansion of bodies when heated 
and also Die emissiou of heat during combustion. Temperature was 
likened to potential or level. When the body was heated the caloric 
fluid was supposed to stand at a higher level than when cold. Pro¬ 
duction of heat by friction was compared to thp oozing out of water 
from a sponge when squeezed. The caloric fluid when thus squeezed 
out manifested itself as heat. 

Doubts on the caloric theory of heat began to bo thrown towards 
the end of the eighteenth century. The earliest philosopher to have 
a correct notion of the physical nature of heat was Count Rumford.* 
In those days guns were made by casting solid cylindrical pieces and 
scooping out tho inside by a boring machine. Rumford in 179B 
observed that apparently an inexhaustible amount of heat could be 
produced by the friction of the spindle of the boring machine against) 
the body of the gun, though the amount of iron scraped was very small. 
He undertook protracted experiments and found that the amount 
of heat produced (measured by the raising of water to a high tem* 
perature) bore no relation to the amount of iron scraped, but wa9 
proportional to the amount of motion lost He henceforth rejected 
the caloric theory and asserted that Heat is only a kind of Motion . 
Whenever Motion disappears it reappears as Heat and there is an 
exact proportionality between the two. He even made an estimate 
of what we now call the Mechanical Equivalent of Heat. His value 
ib not much different from the value now adopted as standard. 

* Count Rumford (1753—1B14) was bom in North America. Being loyal to 
Great Britain during the American War of Independence, he had to flee from 
his country. He entered into the service of the Prince of Bavaria and later 
was placed in charge of the arsenal at Munich when he performed the celebrated 
experiments on the boring of guns. In 1799 he went to London and was one 
of the founders of the Royal Institution. 
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jAMLb PuLM-OU JoiLl (1B1B — 1080) (|). 65) 

Born nedi Manthebtei, Joule was ediiLdtid <il hoim The iuaui wurk 
which occupied the gieairr paiL ot hia liii wab on the relationship 
bctwiiu wink and heat Hl l .Lablialu-d the pnnriph 
ol lh' muhitnuil cquiv ilent of hrtifc. 



JAMLb t'Lhllh iSUWVLLL (1031—1879) 


(1»- 75) 


Coin in Edmbuigli, ed mated at Ediubuigli and Cambridge. He became 
Professor ol Physics dt MauvJifll College, Aberdeen, in 1856, at 
King's College, London, m ]8t>0 and Professor of Experi¬ 
mental Physics in i barge of Cavendish Laboratory, 

Cam budge, in 1871 Hi* neaLe‘1 woih vwis in con¬ 
nection with the development of Lhc kinetic 

llicniy of gases jnd the foundation of the 
clccliopidguetu llicmy of light. 



in.J FIRST LAW OF THERMODYNAMICS 65 

In 1799, Davy showed Ihut when two pieces of ice were rubbed 
together water is produced. 1L was admitted by all that water has 
greater quantity of bent than ice | Now supporters of the calorie 
theory asserted that heat is geneiated in friction because the substance 
produced by friction has less capacity ior heat than the original subs¬ 
tance- But the substance pi educed in Davy's experiment (water) 
has greater heat, eapaeity than ice, lienee the calorie theory became 
untenable. Davy's expeiiinenl proved the greatest stumbling block 
for the caloric theory. 

But the valuable work of BumJnrd and Davy was soon forgotten 
and it was only about forty >ears later that llio first law of Thermo¬ 
dynamics gained general publicity through the researches of Joule in 
England, Mayer and Helmholtz, in derm any, and Colding in 
Denmark. 

2. Joule’s Experiments, —In 1840 J. Joule of Manchester began 
his classical experiments Tor determining the relation between the work 
done and heat generated. We do not wish to describe these experi¬ 
ments here in detail as they are at present only of historical interest. 
The heat was produced b\ chinning water contained in a cylinder 
by means of brass paddles. This could be kept revolving by means 
of a double thread wound over a solid cylinder and passing over 
pulle\H, and carrying weights at eitliei end. The amount of work 
done was calculated by observing the lieiehl through which the weights 
loll. The rise in temperature was measured by a mercury thormo- 
mofcci and lienee tin* beat generated could be found. Alter applying 
various corrections Joule tniind that ll\l It -lbs. of work at Manchester 
can raise the temperature of 1 pound of water 1 D F Jn 1878 Joule 
used a modilied form oL the apparatus in which tin* work done was 
measured by the application ni an external couple as ju Howland’s 
expi run cuts to be desenhc d later (* J.) 

3. First Law of Thermodynamics. —The conversion of work into 
heat was thus established by the expei iments of Bum ford and Joule. 
Now, between the limes of Uumford and Joule, the steam-engine had 
been widely applied Joi various industrial purposes. As we shall see 
later, this is simply a contrivance lor the cuineision of heal into work. 
Thus il is established that heat and uoik aie mutually convertible. 
Nay, we may go even further and say that when some w T ork is spent 
in generating heat, a definite relation exists between the work spent 
and heat generated. These two faetR, rL., the possibility of converting 
work into heat and iurr versa and the existence of a definite relation 
between the two arp expressed by the First Law* of Thermodynamics. 
Mathematically, the law may be stated thus: -- 

If W is the work done in geneiuting an amount of heat H, 
we have. 

TF - ,JJL . (1) 

This was proved bv Black’s discovery of Latent Heat of Fusion. He 
bung equal masses of ice Bnd ice-cold wnter alternately inside a room and 
observed that the water was raised 4*C in half-an-hnnr, while the ice took about 
ten hours to melt into water, the temperature remaining constant. 

5 
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where J is a constant, provided all the work done is spont in produc¬ 
ing heal and no portion is wasted by friction, radiation, etc. If H 
is expressed in calories and W m ergs, J - 4*186 x 10 7 . The truth 
of the second statement embodied in the law is amply proved by the 
fact that the various methods for finding J (secs. 4—7) yield almost 
identical values. 

4 * Methods for determining J —Various methods have been 
devised for finding the value oi the mechanical equivalent of heafi 
but the method of fluid friction and the electrical method are the 
only ones capable of yielding accurate results, and lienee only these 
will be considered in detail. There is, however, an ingenious method 
of calculating tho value of J which was first given by J. It. Mayer in 
1842. From the tlieoielieal relation J(C p — O v ) = H Q>. 46), he 
calculated the value of J. Thus, lor hydrogen R-p 0 F 0 /T 0 = 8 314x10* 
ergH per mol per °0 (pp. G. 10) and C p — O v - 1*985 cal. per mol per 
°(3 (p. 62). 

. r 8-314 xlO 7 ,. lu lll7 . . 

.. J = 4 IB x 111 7 eigs per caloric. 

1 U8. i J 

Certain other inciliorls' that have been employed are enumerated 
below : — 

(1) Measurement oE heat produced by compressing a gas— Joule. 

(2) Heat produced by percussion—Ilirn. 

(3) Woik done by a sieani-cngine. 

This was used by Him in 1862. lie measured tho amount 
of steam entering the cylinder of the sieum-euginc in a 
given time nt a known temperature and pressure. The 
total heat rejected by the engine w r as found by conducting 
tlio \\aste steam into a calorimeter, and the heat loss duo 
to cooling and other causes was estimated. Thus the net 
amount of beat which is converted into work is obtained. 
The work done by the engine was found from an indicator 
diiigifim (Chap IX ). Equating these two Him got a 
value of J 4’18xl0 7 ergs per calorie. 

(4) Heat developed in a cylinder kept stationary in a rotating 

magnetic field produced by means of polyphase alternating 
electric current—Bailie and Ferry. 

5. Rowland’s Experiments.— Joule’s thermometers were not 
standardise d and thus errors of 1 or 2% may arise from this cause. 
The rate of rise of temperaturp in his experiment was rather slow 
(about ()62 D 0 per hour) and hence the radiation correction was largo. 
Howland minimised this sourco of uncertainty by designing a special 
apparatus with the object of seeming a rapid rate of rise of tempera¬ 
ture (40°C per hour), the principle of tho method being identical 
with that of Joule. 

* For a complete list of the methods see Qlazebrook, A Dictionary of Applied 
Physics, Vol. 1, p. 480. 
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The calorimeter was firmly attached to a vertical shaft ob [Pig. 
1 (a)] to which is fixed a wheel hi wound round with a string carrying 
weights,, o, p at either end, the whole being suspended by a torsion 



Fig 1 (a). —Howland\s Ai>[iaratus. 

wire. The axis of the paddle [Fig. 1 (h)] passed through the bottom 
of the culorinruter and whs attached to the shaft r/. The latter could 
he rotated uniformly by the wheel y driven by a steam-engine. The 
number of revolutions was automatically recorded on a chronograph 
worked by a screw on the shaft cf The revolution of the paddle at 
an enormous rale tended to rotate the calorimeter in the same direc¬ 
tion on account of fluid friction. This was prevented by the external 
couple produced by the weights o, p and the torsion wire. For the 
purpose of accurately determining the radiation correction a water 
jacket tu surrounded the calorimeter 

/ The paddlB is indicated separately in Fig. 1 (c). To a hollow 
cylindrical axis four rings were attached, each having eight vanes. 
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Around these were the lixed vanes, consisting of five rows of ten 
each, which were fixed to the calorimeter. Thus the liquid could 



be vigorously churned. The rise ul temperature was recorded by a 
thermometer suspended within the central sieve-like cylinder iu which 
water circulated briskly. 

If 1) denotes tlio diameter of the torsion wheel and rng 1 mg, tin- 
weights suspended, the work IV done in n revolutions nE tho paddle 
is given b\ 

\V eon pie x angle of twist mgD. 2rrn. (2> 

If M denote the tlnrmftl capacity of the calorimeter and its contents 
the rise in temperature (corrected for radiation), the heat produced 
h\ friction Is MM, hence 


mgD 
" MM 


(81 


If 7) is m cm. and nig in dwics, J conus out in cigs per calorie. 

('orrectious were applied tor the torsional couple, for the weights 
iu air which must be reduced to vacuum, for tile expansion oi the 
torsion wheel, etc. Rowland found J = 4179 xlO 7 ergs for the 20° 
calorie. Laby recalculated from Rowland's observations by appl>ing 
corrections and obtained the \nlue / 41H7xl0 7 ergs tor the 15° 

calorie. 

Reynolds and Mooib\ obtained b\ a modified apparatus tho value 
of the mean calorie between 0° and 100°C to be 4’1883xl0 7 ergs, 
llercus and Laby employed what is in principle an induction motor, 
to find J, and obtained the value «7=4'3B6xl0 7 ergR per calorie. 

6. A Simple Laboratory Method of finding J. —For laboratory 
purposes a simple apparatus for finding J due to G. F. C. Searle is 
shown iu Fig. 2, but the accuracy attained by this apparatus t 
is not great. A is a braBB cone held rigidly in position by means of 





































m] 


LABORATORY METHOD OF FINDING J 


60 


non-conducting ebonite pieces attached to a brass cylinder C, which 
con be made to revolve by means of a motor. Inside A is another 
brass cone B fitting smoothly into it and attached rigidly to a wooden 
disc D. The latter bus a groove ruining iound its ciicuiriiciTnoe and 
carrying a cord which passes over the pulley P and supports a weight 
mg. When the outer cone rotutcs rapidly the inner one tends to 
move in the same du return on account ot the Inc lion between the 
two cones, but is held in position by properly suspending a suitable* 

weight mg at the end of the cord. The inner cone R contains some 

water, a thermometer and a stirrer (not shown). 

When the weight mg is kept stationary the turning moment 
exerted by it just balances the frictional couple. If D is the diameter 
of thp disc the fnetional couple is tiujD/2 ami the woik dune by it 

in n ievolutions nl the cone is 2/itt mgIJ,‘2. li A/ be the water equi- 



Fig. 2.—A simple laboratory apparatus for /. 


valent of the cones and the contents, 50 the rise of temperature pro¬ 
duced by friction, then m) 

nitmgD = JrflB$, . . . (4) 

v whence J can be calculated* 
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7. Electrical Methods. —These methods have already been des¬ 
cribed (pp. 37-41) in lull detail. It is easily seen that if the specilic 
heat of the liquid be known, this method gives the mechanical equi¬ 
valent of heat. There are two methods:—(1) Stcady-flow method, 
(2) Rise in temperature method. The former was employed by 
Callendar and Barnes who did their experiments with great care and 
skill, but the principal source of uncertainty in tlieir work lies in the 
value of the electrical units employed. According to Laby we inay 
put the H.M.F. ot the Claik cell used by Callendar and Brumes as 
1*4335 volts at 15°U. They employed tile international ohm which is 
equal to 1*0005x10° e.m. units. Reducing Calendar's results with 
the help of these data Laby gets for the mechanical equivalent of 
the 20° caloric a value of 4*1705 x 10 7 ergs. This yields 4‘1845 x 10 7 
ergs as the equivalent of the 15° caloric 1 . The most accurate experi 
ments on the subject are those' of Jaeger and Bteimvehr by the rise 
of temperature method, and of Lab} and ITercns by the mechanical 
method, the respective vnlucs being 4*1863 x 10 7 and 4*1800 xlO 7 for 
the 15° calorie. Osborne 4 , Stimson and (Winnings have recently found 
the value 4*1858 by the electrical method. Hence, w r e can adopt the 
value 4*180xlO 7 ergs per calorie. 

Excrrinr .—Joule found that 778 ft.-lbs. of w*ork can raise the 1 
temperature of 1 pound of water 1°F. Calculate the mechanical 
equivalent of heat in C.Ct.S. units. 

778 ft.lbs. — 778 x 30'4R x 453'0 gm.xcm. 

- 778 x 30-48 x 453*6 x 901 =1*055 x 10 10 ergs. 

Heat produced 453*0 x -J —252 calories. 

J -- 1*055x 10 1U /252=4'187xlO 7 ergs per calorie. 

8. Heat as Motion of Molecules.— From these expeuments it is 
clearly established that heat is a kind of motion; the next question is 
—motion of what? The answer wus given by Clausius and Kronig in 
1857 for the case of gases. They said that heat consists in the motion 
of molecules or the smallest particles of matter. 

The idea that if w 7 e go on dividing matter we ultimately entne In 
small particles which rannul he further sub-divided dates fioin veiy 
ancient times. But it remained a barren speculation till Dalton gave 
to it a definite form in the middle of the last century. The history 
of the molecular theory is known to all our readers and no account 
of it need be given here. Suffice it to say that according to it all 
matter is composed of a large number of molecules, all molecules of 
tho same substance being exactly identical* as regards mass, size, etc 
but differ in their motion. Tn the solid and liquid states these mole¬ 
cules are closely packed while in gases they are far apart from one 
another. 

Now according to the Ivinetic Theory of Matter heat is supposed 
to consist in the motion of these molecules. The identification of heat 
with motion nf mlccules is not a mere hypothesis. It is able to 


Since the discovery of isotopes this rem&ik requires some modification. 
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explain und predict natural phenomena and at present there is little 
doubt that it rents upon solid foundations uf truth. 

9. Growth of the Kinetic Theory. —The Kinetic Theory of matter 

rests upon two fundamental hypotheses: (J) the molecular structure 

of matter, (2) the identification of heat with molecular motion. The 
iirsl ol these was established early in the lOili century while the second 
was established by Hie experiments of Ilumford, Joule. Mayer and 
Coldiog. We may, however, consider Daniel Bernoulli] (1730) as the 
founder of the modern kinetic theory as ho was the first to explain 
Doyle's law by molecular motions. Clausius and Maxwell in the 
middle of the 19th century placed the theory on a firm mathematical 
basis. Among the other prominent contributors to the theory are 
Boltzmann, Meyer, Jeans, van tier Wards, Loientz and Lord ltnyleigh. 

Up in the beginning of the present century, however, the theory 
had been developed entirely tmm a mathematical stand-point. There 
was no direct experimental proof oi the actual existence of these, mole- 
k oulos or of their motions, lira dually, however, much evidence has 
accumulated in favour uf these views, the mo*t important being the 
Brownian Movement phenomena investigated bv Perrin in J908. 

10. Evidence of Molecular Agitation. —(1) The phenomena of 
diffusion and solution readily suggest the molecular agitation of matter. 
Hydrogen is tound to diffuse into carbon dioxide against gravity when 
a cyliuder of hydrogen is placed over a cylinder of CO a . Alcohol 
poured over water diffuses into the entire mass of 
water. Even gold is found to diffuse into lead. 

(2) A gas tends to expand. Tt is a common 
experience that the moving molecules of the gas 
tend to fly away and produce this properly oi 
expansibility. The rectilinear million nf tin- mole¬ 
cules is proved by the experiment nf Duuoyer in 
which he obtained atomic or molecular rays. His 
apparatus consists of the tube ABl 1 (Fig. 3) divided 

1 into three compartments, A, B, 0, In means of the 
diaphragms D and E. The apparatus is highly eva¬ 
cuated through the side-tube (i. The end V contain¬ 
ing sodium w T as heated to about 500° and sodium 
vapour escaped through circular apertures in 1) und 
E and was deposited on H. It was found that this 
deposit coincided with the geometrical projection ol 
the second hole, formed by joining point m in the two 
holes by straight lines, Avhich proves that the mole- 
oulet travel in straight lines. 

(3) Phenomena of evaporation and vapour 

pwssure. , 

(4) The gas laws can bo deduced from the kinetic jj u ®' 

theory (sec. IS). Other results obtained from the apparatus, 

kinetic theory as specific heat, Avogadro number, 

^molecular diameter, etc., agree vrith experimental results or deductions 
from othnr branches of Physics. 
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(5) Brownian Movement. —This phenomenon was first dis- 
coMiied by the English Botanist Brown in 1827 while observing 
aqueous suspensions of the fine inanimate spores under high 
power microscope. He found the spores dancing about in the 
wildest fashion. The phenomenon ean he read Jy observed if small 
particles suspended in a liquid, as in a colloidal solution, are 
examined under u powerful microscope, or better under an ultra- 
microscope, the pm tides being suitably illuminated with a strong 
source of light. An ammgein nt tm observing the Brownian move¬ 
ment is shown in Fig. 4, the illuminating source being omitted. The 
suspended particles under the ultra-microscope appear like stars nf 
light, moving to and fro, rapidly and coutiriuoush, in an entirely 
haphazard fashion. Each jiaitide spills, rises, sinks and rises again. 
This irregular motion is called the Brownian movement of the particle. 
The Brownian movement never ceases— it is eternal and spontaneous, 
and is independent of the nature uf the suspended particles, all parti¬ 
cles of the same size being equally agitated. Smaller particles are, 
however, much more vigoioush agitated than bigger ones. Now it. 
has been definitely established that the Brownian movement is duo 
to the impact of the surrounding mob eules of the liquid ou the 

I particle. It can he easily understood that 

\MiorQSC 9 pc fbe forces due to molecular impact will 
almost completely balance if the si/p of the 
pai tide is very large (su\, a large bndy on 
mersed in the liquid) but. there can he no 
balance if the si/e is small. Am small 
jiaitide will, therefon., be acted on by a 
resultant unbalanced force and will conse¬ 
quently execute motion As this force varies 
at random, m> the motion of thp particle will 
also he at random and will be somewhat 
similar to that ]>nrtrayed in Fig. b (p. 81). Thus the phenomenon 
of Brownian movement is a direct proof nf the existence of molecular 
motion. 

The study of the kinetic theory is best approached through a 
study of gases. The kinetic theory of the liquid and solid states is 
comparatively undeveloped und will not be discussed in this book. 

11. Pressure Exerted by a Perfect Gas. —It has been shown 
above thnt a gas consists of molecules in motion. As a consequence, 
it must exert pressure cm the w r ftlls of its enclosure. To calculate this 
pressure we first makp several simplifying assumptions. These are 
the following: — 

(1) Though the molecules art* incessantly colliding against one 
another and having their velocities altered in direction and magnitude 
at each collision, yet in the steady state the collisions do not affect 
the molecular density of the gas. The molecules do not collect at 
one place in larger numbers than at another. Further, in every 

* For detailed discussion see the Authors’ A Treatise on Beat, §3'43—3*48. * 



Fig. 4—Observing 
Brownian movement. 
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dement of \olume oI the gas the molecules are moving in all directions 
with all possible velocities. The gas is said to be in a state of 
molecular chaos. 

(2) ldutween two collisions a mnleeule moves in a straight lino 
with uniform velocity. This is because the molecules are material 
bodies and must obey the laws of motion. 

(3) The dimensions* of a moleeule may be neglected m com¬ 
parison with the distance traversed by it between two collisions, called 
its free path. The perfect, gas theory treats the molecules as mere 
mass-points. 

(4) The time during which a collision lasts is negligible compared 
with the time required to tra\crse the iioe pa Hi. 

(5) Tlic molecules are perfectly clastic I spheres. Further, no 
appreciable force of attraction or lepuhsirm i* exerted by them on 
one another or on the walls, i r,. t all energy is kinetic. This iu proved 
b/ Joule’s experiment (p. 47). 

Wp now proceed to calculate the pressure exerted by such a 
gas. We will employ the method of collisions, because it is very 
simple. 

Imagine a perieet gas enclosed in a cube of milt sideR and con¬ 
sider a molecule moving with the resultant velocity r and component 
velocities a, r. w along OX, OY, OZ axes respectively. Tin* nxes 
are taken to be parallel to the sides of the cube The moleeule 
collides with the surface of the cube perpendicular to OX with the 
velocity it. From the principles if conservation of energy and 
momentum it folluws that it will rebound with the same velocity. 
Hence the change in momentum stiffen d by the molecule during 
collision is 2m«. The molecule strikes that parlieular surface u/2 
times per second, lienee the change of momentum per second is 
2mu.t//2- m t/ 2 . Since pressure is equal lo change in momentum 
per second, the total pressure exerted on that surface is 2J mu a where 
the summation extends over all the molecules. 

.*. Vx - 2 mu 2 . • ■ - (5) 

2 u 2 

Now —- u* where u 2 is llip average of n 2 over all the n 
molecules. 

/. pr~miiu a . . . (6) 

* If we consider the dimensions of the molecule and the forrea of attraction, 
wo got van der Waals* equation (Chapter IV). 

t The assumption of perfectly elastic collisions, on the average, is warranted 
by the fact that we can ion vert into work all the heat supplied to a perfect 
gas. For otherwise addition of heat would increase molecular velocities and 
hence also the force of collision, and if deformation of molecule results, all heat 
may not be converted back to work. The picture here given is essentially that 
of a monatomic molecule; there will occur deformations of polyatomic molecules 
accompanied by an increase or decrease of rotational and vibrational energies 
but on the average there is no net loss or gain of translational energy during 
collision. Equation (9), however, can be deduced without the as^umptio''* of 

K rfectly elastic collision. For details Bee the Authors’ Treatise on ffeai t 
c. 3’12, footnote 2. 
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Similarly, the pressures on the other surfaces are 
Vv = mnu a f y z — mnw 2 , 

where v a , u> 2 denote the mean square velocities in the other two 
perpendicular directions. Since experiments* show that V* -Vv~Pz 
we have 

' {t} 

This is also to he expected troni the Jact that the molecules do not 
tend to accumulate in any part of thr vessel. But 

Vh r*-te= . 1 ^(n 2 t h- i- 1 .T'- 2 -"-, . (8) 

n ?i 

where o B is the resultant mean square velocity lienee from \7) 
and (6) 

u 1 

and finally (0) yields 

p itw?i r z ..... (0) 

But vjn - p , the density nf the gns, since n is the number 
per c.c. 

/. p \ P c 2 , . . . ( 10 ) 

--- J. i p <' 2 ?!?, . - - (11) 

where E is the kinetic energy per unit volume Thus we see that 
the pressure of a perfect gas is numerically equal to two-thirds of 
the kinetic energy of translation per unit volume. 

We have considered a single molecule ns if il suffered no collision 
with others. If a molecule encounters another it gives its whole 
momentum| to the oilier which by assumption (tt) has to traverse 
exactly the same distance as the lirst one if there had been no 
collision. By assumption (4) no time is lost in this collision and 
hence our calculation holds true for u perfect gas. 

12. Equation (10) enables us to calculate the mean square 
velocity r 2 of the molecules of any gas, lor r* Dp Ip. The pressure 
and density of a gas can be found experimental!j and hence o* 
calculated. Thus thp density of nitrogen nt 0°0 and atmospheric 
pressure is 0 00125 gm. per e.c. Hence lor nitrogen the root mean 
square velocity* 


* This is so for very binnll rubes. Rigoiuusly speaking, for large cubes 
the pressure on the lower ‘■urface is greater on acrounl of gravitational pull on 
the molecules. 

t This result may be easily deduced from the laws of elnstir impart 
(assumption 5). 

tf 1 is the square root of the mean square velocity and differs fiom the 
mean velocity ?. This is rcodilv seen from a numerical example. The 

mean of 10* and 2G is 15 while the root mean square of 10 and 20 is 
+ 20 * 

2 * -■ = 15*81. The exact relation between C and 75 for the molecules 
of a gas in equilibrium is givon later (§ 16). 
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c = 



X 70 X 13-30 X 981 
000125 


4‘93 x 10 4 cm./sec. 


The formula also shows tliat the molecules of the lightest gas, 
viz., hydrogen, would move faster than the molecules of auy other 
gas under the same conditions. 

13- Deduction of Gas Laws.—From the above results we proceed 
to deduce tlio laws ol perfect gas.es. 

(1) Avogadro’s* Law. —If Lhere arc two gases at the same 
pressure p Me have from (0) 

«i<V= V.(12) 

where the subscripts 1 and 2 refer to the first and the second gas 
respectively. JTurlhci, if the two gas“s are also at the same tempera¬ 
ture we know then 1 will be no transfer nf heat (or energy, since the 
two are equivalent by the First Law of Thermodynamics) from one 
to the other when they are mixed up. On mixing, the two types oT 
molecules will collide against one another and there will ho a mutual 
shuTing of energy. Maxwell ( showed purely from dynamical con¬ 
siderations that the condition for no resultant transfer of energy from 
one type of molecules to the nthpr is that the mean translational 
energy of molecules of the one type is equal to that of the other. 
Hence if the two gases are at the snino temperature it follows that 

Jni/V (13) 

‘''ombimng (12) and (13j we get 

». = >i 2 . ( 14 ) 

t r. t two gase° at the same temperature anil piessure contain the 
same number of molecules per c.c. This is Avogadro’s Luw. 

(2) Boylr's Law. —Equation (10) states that the pressure of a 
gas is directly proportional to its density or inversely proportional 
to its volume. This is Hoyle’s Law. This holds provided C 2 remains 
constant which, as shown above, implies that- the temperature jeraains 
constant. 

(3) Dalian's Law. —If a number of gases of densities p it p 2 , p 9 , 

..and having mean square velocities O, 2 , t’ 3 a , C 2 . be mixed in 

t.he same volume, the resultant pressure p t considering each set of 
molecules, is given by 


V- Jp/V-r WV+lp/'/T . .. 

= Pi + Pi+V, + .(15) 


* fount Amedeo, Avogadrn di (Juarcgna (1775—1856) wns bom in Turin 
where he was Professor of Physics from 1B33 to 1850 His chief work is 
Avogadro’s law. 

t Maxwell considered the collision of gaseous particles of two different 
types and possessing different amounts of energy. By applying the dynamical 
laws of impact viz. c niiHorvntion of momentum and energy, he found^ that after 
each collision the diffeience in energy of the two molecules diminishes by a 
certain fraction, i.c. the molecule possessing greater energy loses it. while that 
possessing less energy gams. This process is repeated at each collision, and ulti¬ 
mately the energies of the two become equal. For details, see the Authors' 
Treatise on Heat (1958), pp. 845-847. 
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*•£., llie pressure exerted by tbe mixture is equal to the sum of the 
pressures exerted separately by its several components. This is 
Dalton’s law u£ partiul pressures. 

14. Introduction of Temperature. —If wo consider a gram- 
molecule of tbe gas which occupies a volume V, equation (10) yields 

/>V -- ,} MV 2 .(1G) 

M being the molecular weight. Jn order to introduce temperature 
in tlic foregoing kinetic considerations of a perfect gas we have to 
make use oi ibe experimental luw, viz. t yV - RT. Hence 


or 


RT _ 
C z = 


'ART 
M ’ 


£17) 


Thus is proportional to the absolute temperature which may 
thus be considered proportional to the mean kinetic energy of transla¬ 
tion of the mnleeules. This is the kin-die interpretation of tempera¬ 
ture. Hence, according to the kinetic theory, the absolute zero of 
temperature is the temperature at which the molecules are devoid 
of all motion. This deduction is, however, not quite justified since 
the perfect gas state does not hold down to the absolute zero. Thp 
interpretation ghen by thermodynamics is somewhat different 
(Chap. X) und is more reasonable. That does not necessarily require 
that all motion should cease ai the absolute zero. 


We can put M - Nm where m is the mass of a single molecule 
and N the number of molecules in a gram-molecule, which is usually 
culled the Arogadru number. 

We can put R/N - It where /." is a constant. 7. is known as 
Boltzmann’s constant. Hence we get 

p- (NfV]kT z. nltl\ 

where n denotes the number of molecules per e.c Further from (17) 

me* -JN/rT, 

or Inir* ^ *kT, .... (17fl) 

i.p., the mcun kinetic energy of translation of one molecule is J/tT. 

Rrerrinr. —Calculate the molecular kinetic energy of 1 gram of 
helium at N.T.P. What will be the energy at 100°C? 

From (17) the kinetic energy is equal to 


„ RT „ H'.'l x JO 7 x 273 
ir ' * M “ a '4 ' 


8*5 x 10® prgs. 


Energy at 10()°0 H 5 x 10® x 37B/273 _ lTftxlO 1 * ergs. 

15. Distribution of Velocities. Maxwell’s Law.— In the above 
we were concerned only with the mean square velocity and did not 
oare to find the velocity of every molecule. But for studying the 
properties of the gas further we must know* the dynamical state of 
the whole system. It is easy to see that all the molecules cannot 
have the same speed for even if At any instAnt all the molecules 



DISTRIBUTION OF VELOCITIES 


77 


HI] 

possess the same speed, collisions at the next moment will augment 
the velocity of some and diminish that of the others. As tho number 
of molecules Is very large (2’7 x 10 lfl per c.c. at N T.P ) and they are 
too small to be visible even in the ultra microscope, we do not interest 
ourselves in the behaviour of individual molecules. We treat tho 
problem statistically and apply the theory of probability. We shall 
illustrate this by means of an example. Tn a big city there are 
persons of all ages and we find the number of persons whose ages 
lie between definite ranges, say between 10 and 15, 15 and 20, and 
so on. So in an assemblage of molecules wdiere the molecules have 
all velocities lying between 0 and infinity we find the number of 
molecules dn r possessing velocities lying between r and r f dr. In 
the steady state this number remains constant and is not modified by 
collisions. This number is given b\ the distribution law ol Maxwell 
which states: 

tfn r jr 4jrna°t - b,J c 2 i{c, (18] 

wh ere n is the number oi molecules per c and a ^/b/ir — 
^m/2i:kT. But wo cannot say what the velocity of any individual 
molecule selected at random is. "We can only say (lint the piohability 
that its velocity lies between r and r-i-dr ib 

inti* e~ bt *r 2 \lr 

Thus the distribution law gi\rs a complete Knowledge nt the gas only 
in u statistical sense 

A slight transformation (putting hr- i 2 ) will show that the 
number dn— 4hjt ^f 2 c~ x *dj, winch helps us to repiesent the law 
graphically. Let ns plot the function i In */ i 2 against 
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x and x+dx is proportional to the shaded area. The ordinate y gives 
the number o£ molecules possessing a speed corresponding to x, and 
from the curve it is obvious that the probability corresponding to sc=rl 
is greatest, while it is considerably less for jr 2 or * = lienee wre 
can approximately treat the whole gas as endowed with tho most 
probable velocity corresponding to x- 1. 


16. Average Velocities- —We must distinguish between two 
velocities, the square root C of the mean square velocity, and the 
mean velocity <j. The former is such that its square is the average 
of tho squares of the velocities of the molecules. Thus 


C z = c 2 



:ur 

m ' 


■ (W) 


which we have already obtained in (17). 
Tho mean velocity 



c = y/ H-r _ 921 • • • • < 21) 


The most probable velocity a is that value of c for which N 0 the 
number of molecules with velocity c is maximum. Hence for such 
dN 

value of c, = 0. This relation gives a. Substituting for N, 


we get 




( 22 ) 


An interesting consequence of the large molecular velocities is 
seen in the almost complete absence oi an atmosphere from the 
surface of tho moon. Dynamical investigations show that if a particle 
is projected from the Earth with a velocity exceeding ^2 yr b where 
<1 is the gravity at the surlace of the earth und r 0 its radius, it will 
no\or return to the earth and will be lost in space. This critical 
velocity is about 11 kilometres per second for Earth and 2*4 kilo¬ 
metres for the moon, llussian scientists have quite recently (2nd 
January, 1959) been able to launch a cosmic rocket “Moclita” which 
overcame the Earth's gravitational barrier and flew past the moon 
into space to become the first artificial planet of the sun with an 
orbital period of 447 dn>s. 

Calculations show that the average velocity of hydrogen at 
ordinary temperatures is about 1’8 kilometres per second and according 
to Maxwell’s law a large number of molecules have velocities much 
greater and also much less than this. Thus all molecules having 
velocity greater than the critical will escape from the planet. Due 
to molecular collisions a certain fraction will always have velocity 
greater than the critical and will escape. This loss of the planetary 
atmosphere will continue indefinitely. It is for this reason that there 
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is practically no atmosphere on the surface of the moon while the 
atmosphere of the Mars is much rarer than that of the earth. 

17. Law of Equipartition of Kinetic Energy. —Wc nest proceed 
to deal with the law of equipartition of energy. It is better to 
introduce here the idea of degrees of freedom of a system. Suppose 
we watch an ant constrained to move along a straight line; it has 
thou only one degree of freedom and its enrrgy is given by \mx*. If 
it is allowed to move in a plane the energy is given by \mx 2 + \my*. 
An ant comint have more than two degrees of freedom, but a bee 
which is capable of dying has three degrees of freedom, all of 
translation. Thus a material particle, supposed to be a point, can 
have at most three degices of freedom. A rigid body can, however, 
not only move but also rotate about any axis passing through itself. 
The most general kind ut rotatory motion can he resolved analytically 
into rotations of the body ubout any three mutually perpendicular axes 
tinough a point fixed in itself. Hence the degrees of freedom contri¬ 
buted by rotational motion arc three. We may now state the defini¬ 
tion of the term ‘degrees of freedom’. The total number of 
independent quantities which must be known before the position and 
configuration of any dynamical system cun be fully known is called 
the number of degrees of freedom of the system. 

Now it ean be shown from rigorous dynamical considerations that 
the energy corresponding to every degree of freedom is the same 
as for any other, i.c., the energy is equally distributed between the 
various degrees of freedom. This is the law of equipiutition of 
kinetic energy and was arrived at by Maxwell* in 1859. Boltzmannt 
extender! it. to the energy of rotation and vibration also. It can 
further be shown that the energy corresponding to each degree ol 
freedom per molecule is \hT\. This law is very general, but we shall 
not attempt here to prove it. 

Thus if any dynamical system has ti degrees of freedom, the 
energy associated with it at T°K is n x \kT. 

18. Molecular and Atomic Energy. —The above theorem is very 
l iko tul in calculating molecular energy of substances. Let us calculate 
the specific beat id gases. In a ?nona!vmic gas the molecules aro 
identical with atoms ami if, a* a first approximation, wc assume the 
atom to be a structureless point, then from the previous considerations 
each molecule lias gol three degrees of freedom and will have the 
kinetic energy equal to 3 x \l’T. In fhe state of a perfect gas the 


*Miivwoll, Co/Inted Works, Vol. S, p. 378. 

t Ludwig ‘Roliznrmnn (1844-1906). Horn ami educated in Vienna, he was 
Professor of Theoretical Physics at Vienna, Graz, Munich and Leipzig. On 
account of his fundamental researches he is regarded as one of the founders 
of the kinetic theory of gases. 

h Equation (17r/) givpL r -S kV, i.c., tho mean kinetic energy of 

translation per molecule is . If wo assume that the energy ii equally 
distributed between tho thm* degress of frccrlom, the energy associated vith one 
degree of freedom per molecule becomes 4 frT . For a formal proof of the law 
see the Authors' Treatise on Heat, §3 26. 
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molecules possess only kinetic energy and no potential energy. The 
total energy E associated with a gnun-molecule is N times the above 
expression. It is thus equal to £NkT = |J27\ The molar specific 
heat at constant volume is tliprelore 

ijp 

( ' v = dT ~~ cal./degree. 

For all perfect gases we have established the relation 

(' P - C v - H. 

Therefore, for a monatomic gas 

•A]f n 

(p — ^ t U — R . 4'0fi eal./degree, 

and the ratio of the Iwo specific heats 

y -5/3 100. .... (23) 

These theoretical conclusions agree with experimental results 
(see Table 3, Chap. II) for the monatomic gases like argon, helium, etc. 

The specific licat of polyatomic* gases cun also be obtained by 
using flip equip art it ion Jaw. The molecule of a diatomic gas may 
be pictured as a system of two atoms (assumed to be points’) joined 
rigidly to one another like a dumb-bell. This system possesses, in 
addition in the three components of the velocity of translation of the 
common centre of gravity, two components of the velocity of 
rotation about two axes perpendicular to the line of centres of the 
two atoms. Thus the* system has five degrees of freedom and the 
total energy E %RT. Hence 

(\ -- j K. <' P - IK, 7 - I'*- - W) 

This is approximately the case fur hydrogen, nitrogen, etc 
(p. 02). At low’ temperatures, however, C v lulls to as Kucken’s 
experiments w T ith hydrogen show, indicating that the rotation has 
disappeared. For chlorine (\ is greater than **■ This shows that 
the two atoms are not rigidly fixed but can vibrate in a restricted 
manner along the line of centres. 

Til a Irialomic gas a molecule possesses three translational and 
throe rotational degrees of freedom and hence 

(\ - Ox \li - 37?, Op . 47?, y - T33. . . (25) 

For more complex molecules y approaches unity but is always 
greater than it. It is not possible to calculate in a simple way the 
energy of internal vibration of such molecules since the vibrations 
are not freely and fully developed. 

An expression for the specific heat of solids may also bp obtained 
from the kinetic theory. We can consider molecules of a solid as 
elastic spheres held in position by the attraction of other molecules 
and capable of vibrating in a simple harmonic manner about a mean 
position. The molecule will have three components of velocity, and 
hence three degrees of freedom. The kinetic energy associated with 
each degree of freedom is £kT. On the average the harmonic vibration 
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will have equal kinetic and potential energies and hence the total 
•energy associated with each degree of freedom is 1(T. Therefore, the 
total energy tor N molecules for the three degrees of freedom is 3.BT, 
and the molar specific heat is SA = 5*955. This yields Dulong and 
Petit's law. 

But the kinetic theory of specific heat is unable to explain. the 
variation of specific heat with temperature (p. 45), particularly, the 
marked decrease at extremely low temperatures. Further, the 
decrease is gradual and cannot be explained by the disappearance oi 
any degree of freedom which would involve discontinuous changes by 
muJlipJos of \R. We cannot assume fractional degrees of freedom. 
Here the principles of classical dynamics and equipartition law fail 
completely. The quantum theory of specific boat has been developed 
which explains the existing facts satisfactorily. 

MEAN FREE PATH PHENOMENA 

19. Need for the Assumption that Molecules have got a finite 
Diameter.—We have seen in the previous sections that the molecules 
of a gas are moving at ordinary temperatures with very large velocities; 
in the case of air it amounts to about 400 metres per sec. There 
is no force to restrain the motion nf the molecules. Hence the 
objection was raised that the assumption ol such largo rectilinear 
velocities was incompatible with many I acts of observation. If the 
particles are moving with such enormous velocities, the gaseous mass 
contained in a vessel would disappear in lin time. But wo are all 
aware tliut the top of a cloud of smoke holds together for hours, hence 
there must be some factor which prevents the Iree pseape of particles. 

A verv simple explanation was offcied by Clausius. He showed 
that the difficulty rlisuppeais if we ascribe to the molecules a finite 
though very small volume. Tlirn as a particle moves forward, it is 
sure to collide w r ith another particle alter a short interval, and its 
velocity and direction nf motion will be completely changed. The 
path traversed between two successive collisions will be a straight line 
described with a constant velocity, since* the molecules exert no force 
over one another except during collision. Hence the path of a single 
particle will consist ol a series of short zig-zag paths as illustrated in 
Fig. 0. 

Some of these paths will be long, others will be short. Wo 
can define a mean free path A. Add 
up the lengths of a large number 
■of paths and divide it by the total 
number; this will give . This 
quantity is of great importance in 
studying a class of phenomena, called 
transport phenomena, such as vis¬ 
cosity, conduction of heat and 
•diffusion. 

20. Calculation of the Mean Free PA— We shall give a very 
simple method of calculating the mean free path approximately. We 

6 



Fig. 6.—Illustration of free path. 
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make the simplifying assumption that all molecules except the one 
under consideration are at rest. The moving molecule will collide 
with all those molecules whose centres lie withiu a distance u from 
its centre ( a being the diameter of the molecules), and are thus 
contained in a sphere of radius a described about the centre nf the 
moving molecule. As the molecule traverses the gas with velocity v 
it* will collide with all the molecules lying in the region traversed by 
its sphere of influence. The space thus traversed in a second is a 
cylinder of base no 2 and height v , and hence of volume na 2 v. If the 
number of molecules per o.c. is », this cylinder will enclose irtPvn 
centres of molecules and hence the number v of collisions per second 
is 7 The length of the mean free path 


v v 1 

V 17 0 2 VYl htth * 


(26) 


In the above we assumed the other molecules to be at rest 
Maxwell oprrected this expression by introducing into the foregoing 
considerations the motion of all molecules according to Maxw ell’s 
distribution law and obtained the result 


A= ..(27) 

2 rtTTrT* 

The average number of collisions suffered by a molecule pei 
second is a/A. 

21. Ttansiioit Phenomena.—The distribution law expressed h> 
(18) ma\ also be put in the form 


-<Zr) 


| __ w(i#^+r 8 +w J ) 


du dp du , 


where dn is the number of molecules with velocity components King 
between u and u + du, v and v + dv , w and w + dw respectively If 
the gas is endowed with mass motion represented by v 0> w at then 


* = »(Jr) • 


a — -f! (f7 j +K*+jn 


dJJ dV dn , . (29) 


where V — u—u 0f V = v—v Q and W - - w 0 . 

If the gas is not in a steady state any one of the following cases, 
singly or jointly, may occur. ( 1 ) Firstly u 0 , v 0 , w 0 may not have 
the same value in all parts of the gas so that there will be a relative 
motion of the layers of the gas with respect to one another. We 
have then the phenomenon of viscosity. ( 2 ) Secondly, T may not 
be the same throughout, then we have the phenomenon of conduc¬ 
tion, viz., heat will pass from regions of higher T to regions of lower 
T. ( 8 ) Thirdly, if n is not the same everywhere we have the case 
of, diffusion, i.e., molecules diffuse from regions of higher concentra¬ 
tion to regions of lower concentration. It is thus obvious that 
viscosity, conduction and diffusion represent respectively the transport 
of momentum, energy and mass. These are called transport pheno- 
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meiia. These phenomena are brought about by the thermal agitation 
ot the molecules. But the molecules move with very large velo¬ 
cities, while these processes are comparatively very slow. The 
cause ot this anomaly lies in the frequent molecular collisions. Henee 
the study of these phenomena is most conveniently done through the 
mechanism of mean free path. The molecules carry with them 
certain associated magnitudes and thereby tend to establish equili* 
bn um. 


22. Viscosity. We shall first discuss the phenomenon of vis¬ 
cosity. Here we shall give an elementary treatment of the pheno¬ 
menon based on consulmitions of mean free path. Consider a gas 
in motion and choose a horizontal plane zy such that there is a mass 
motion of the gas parallel to zy -plane but no mass motion along 
the fc-uxia. Assume that the mass-velocity i / 0 increases upwards as z 
increases. The molecules above the plane possess, on the 

average, greater momentum than those below it, and hence when 
molecules from either side cross the plane there is greater transport 
01 momentum downwaids, since the number ol molecules moving each 
way is the same, there being no mass motion parallel to the 8 -axis. 

We can consider every molecule, on the average, to traverse a 
distance A equal to the mean Iren path and then suffer a collision. 
It the velocity gradient is dit 0 /dz the difference in the mean molecular 
velocity across two planes separated by a distance*' A is kdu Q /dz. The 
mass of a molecule being m, the diffeience in momentum is m?.du 0 /dz> 
Again, due to heat motion, the number of molecules moving along the 
z axis must be, on the average, the same as that moving along the y- 
or the 8 -axis. Hence one-thud ot the molecules may be considered 
as moving along the c-axis, both up or down, or only one-sixth may be 
considered as moving in the upward direction Consider unit area of 
the observation plane a u . The number nf molecules crossing this area 
per second in the upward direction will be! Jn? where n is the mole¬ 
cular density and c the mean molecular velocity corresponding to the 
temperature of the gas, since all those molecules contained in a cylin¬ 
der of base unity and height 3 cross the unit area in one second. 
Hence the momentum transferred across the plane in the upward 

dnoption is |nrj^ G where G is the moui 'iitum correspond¬ 


ing to the observation plane. Similarly, for molecules going down¬ 
ward ^ the momentum transferred i^ far Hence the 

du 

total momentum transferred dowmwards is This will 


exert an accelerating force on the lower layers Or the lower layers 


* Actually we must take the average resoh od part of A along the s-axis 
This comes out to be § A instead gf A 

t Bigoroui calculation shows that this will bo Jur. 
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will retard ibis faster layer by a force equal to this. By definition of 
viscosity rj this force must equal ^dv^/dz. Hence 

7iz=\mr^l- lpck } ..... (30) 

where p is the density of the gas. 

23. Discussion of the Result- -Wo have established that tj =ipl 

but A — -*—„ (p. 82), hence 

V^2 MTTfT 2 


17 = 


1 

■V2 


»/P 
na - 


G'l) 


Now v ^ proportional to the square root nf the absolute tem¬ 
perature, lienee the coefficient of viscosity is independent of the pressure 
or the density oi the gus, provided tin* temperature is constant. Tins 
deduction is rather surprising and was first regarded with suspicion. 
Mayer uud Maxwell subsequently showed experimentally that the Jaw 
actually held fur pressures lying between 760 mm. and 10 mm , and 
this was a striking success for the Kinetic Theory. But beyond bolli « 
limits the lnw Jails. At liiglier pivssiin*s deviation from the law is 
expeeted since the iutermnleeular forces cannot be then ignoml. At 
low pressures the mean free path A gradually increases till it becomes 
comparable with the dimensions of the containing vessel, and then 
remains constant. Any further decrease of prebsure reduces and 
hence rj. Thus at very low pressures the coefficient of viscosity rapidly 
decreases with doorcase of pressure. 

Again since p varies hs \ ( ^ m. V ^ or different gase* should 
van as y'm. This is found to be approximately true. 


24. Conduction.— Let us now find an expiession for the rondur- 
tivitx of a gas which is a similar problem. Tn this ease the temperaluie 
and hence the energy varies from hr\er to ln\er and it is the energy K 
which is transferred from one )a\er to atiother. Considering the 

energy gradient ^ instead of the momentum gradient m ^ Un 


dz 

the total transfer of energy downwards per unit area becomes 


di . 



whore E denotes the mean molecular energy pertaining to any layer 

(IT 

If K be the conductivity of thp gas, the temperature gra¬ 

dient, the flow of energy across unit area in the downward direction 

dT 

is JK j , where J is the mechanical equivalent of heat. Therefore 


or 


TK dT l«*l dR <1T 

JK dz= iniX Jf IS* 

K = \fj = 


(32). 
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when c v is expressed in heat units. Further considerations show 
that the above result must be modiliod into K = eqc v whore e is some 
constant. 


Since K = erjc v and the variation of c e is small, the variation 
of conductivity with pressure and temperature follows in general the 
same course as the variation of viscosity. Thus conductivity like 
viscosity is independent of pressure. This was verified experimentally 
b\ Stefan and others. Wo shall not consider the phenomenon of 
diffusion as it is somewhat more complicated. 


25. Value of Constanta. —The value of the root mean square 
velocity for a gas was calculated numerically for nitrogen on p. 75. 
The mean velocity 3 can be calculated from (21) and is equal to 
't)2x4‘93xl0 4 =4'5xl0 4 cm./sec. Then (30) gives, on substituting 
7j - 106 xlO * 6 gm. cm " 1 sec" 1 , 


3 x 106 x 10-* 
pel - T25 xi0" s x 4 5 xlO 1 ' 


OxlO -1 * cm. 


The number of collisions suffered by a molecule per second is 
d 
l 


4-5x10* 

9xl0-“= 0xl °- 


Assuming n — 2’7 x 10 1# per c.c. we have 

i 


(v^2 n ffl) (^2x 


1 


x2’7xl0 , ’x3‘14x9xl0 


,-) - 


3 x 10 “ B cm. 


The values will give an idea of the numerical magnitudes involved 
in the kinetic theory of ^rsps. We give below several constants for 
most gases at 0 °C and atmospheric pressure. 


Table l x 


r, as 

Mass of 

mole¬ 

cule 

mXlO 21 

gin. 

Velocity 

in 

metres 

per sec. 

Viscosity 
tjx 10° 

m gm. 

cm _1 
sop. -1 

Therm, U 
eoinl urli- 
vi ty A' x 10" 
in cal. cm.- 1 
ser.- 1 T -1 | 

Mean 

free path i 

Xxio* 

cm. 

Mnlecu 

i 

i Jar dia¬ 
meter 
<rX 10 1 
cm. 

H a 

31 

1839 

B6 

31B ' 

1B*3 

2-47 

N, 

431 

493 

166 

52 

9-44 

3*5 

0, 

40*2 

461 

187 

56 

9*95 

3*39 

Tie 

6*1 

1311 

189 

339 

28-5 

2*18 

A 

61*3 

413 

210 

38*9 

10*0 

3*36 


58*5 

307 

129 

... 

4*57 

4*96 


/ * The table is largely taken from Kaye and Laby, Tables of Physical and 

Chemiral Constants , Longmans Green & Co., 1946. No great accuracy is claimed 
for the values given. 
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Book Recommended. 

A good account of the subject-matter of this chapter will be found 
in Eugene Bloch, Kinetic Theory of Gates, English translation 
published by Methuen and Go. 
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1. Jeans, Kinetic Theory of Gases (1940), Camb. TJ. P. 

2. Kennard, Kinetic Theory of Gases (1938), McGrraw-Hill. 



CHAPTER IV 

EQUATIONS OF STATE FOR GASES 

I. Deviation from the Perfect Gu Equation. —By the term 
‘'Equation of State" is meant the mathematical formula which 
expresses the relation between pressure, volume and temperature 
of a substance in any state of aggregation. If any two of these 
quantities be known, the third has a fixed value depending uniquely 
upon them, and can be determined if the equation of state is known, 
but this is seldom possible. According to the laws of Boyle and 
Charles, we have lor a perfe ct gas , 

- pV — BT. . (1) 

This is the equation for a perfect gas. 

But even Boyle himself found that the law held only under jd$&L 
>; mddioiifr, viz._, high temperature and low jiressure^ whilp under 
ordinary conditions it did not^corrocfly represent the true state of 
affairs for any actual gas. For every temperature a curve can be 
drawn which has for its abscissa the volume and for its ordinate the 
corresponding pressure of the enclosed substance. These curves are 
called lsothermals. 11 equation (1) were true the isothcrmals ought 
to be rectangular hyperbolas parallel to each other, but experiments 
show that this is very seldom the case. The most extended eailier 
investigations hj’p due to Itegnault. He applied pressures up to 81) 
atmospheres while the temperature was varied from 0° to 10Q°C. He 
plotted the product pV as ordinate against p as abscissa (see Figs. 0, 
7 infra this chapter). The curves ought t o be strai gh t lines parallel 
to the jr-axis; actually, however, they were inclined in it. He found 
that for air, nitrogen and carbon dioxide the product pV decreases 
with increasing pressure, while for hydrogen it increases. He also 
found that hydrogen shows an abnormal Joule-ThomBon effect (Chap. 
VI). These facts led him to describe hydrogen as “more than 
perfect”. If equation (3) were true the product pV ought to remain 
constant; thus these permanent gases were shown to be imperfect. 

Later work by Natterer, Andrews and Cailletet using higher 
pressures confirmed the idea that the actual gases showed consider¬ 
able deviations from equation (1). Andrews’ experiments are of 
fundamental importance as they throw much light on the actual 
behaviour of gases and form tho basis of an important equation of 
state first proposed by van der Waals. Andrews’ experiments are 
described in the next section. 

The most thoroughgoing and exact experiments are due to Amagat 
who investigated the behaviour of various gases up to a pressure of 
3,000 atmospheres. His results particularly with CO, (Fig. 7) and 
ethylene showed that their behaviour is very oo Duplicated. 

A different method has been utilized by K. Onnes who, investi¬ 
gated the behaviour of several gases at very low temperatures and 
found that none of the numerous equations pi state proposed correctly 
represents the results of experiments. He finfln that at any tempera- 
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ture the results are best represented by an empirical equation of 
the type 

pV = A + Bp + Cp* + Dp* +.(2) 

where A, B, C ..., ore constants for a fixed temperature, but vary 
with temperature in a complicated manner. As many as twenty-five 
constants are usod; they are called vmal coefficients, A is simply 
equal to HT while the values of the coefficients of higher teims 
diminish rapidly. Holborn and Otto, following Onnos* method, 
studied several gases up to 100 atmospheres and between the tempera¬ 
tures of — 183°C and + 400°C, and found that they need take only 
four constants. They give the values oi these constants for various 
gases at different temperatures 

The coefficient B js of particular importance. For all gases it 

varies in a similar way: at low 
temperatures it has a negative 
value, then it gradually in¬ 
creases to zero and becomes 
positive. Now if at any tem¬ 
perature /?= 0, and (\ 1) are neg¬ 
ligible as usual, then 

d \ l ’ V) -B = 0 . 

dp 

Hence, at this temperature 
Boyle s luw will be obeyed up to 
fairly high pressures. This tem¬ 
perature is called the Boyle 
Point T b 

2. Andrews 9 Experiments. 

—While engaged in the attempt 
to liquefy some ot the so-called 
permanent gases—an important 
problem of those day s, 
Andrews, in 1069, was led to 
study the isothermnls of catbon 
dioxide. His apparatus is indi¬ 
cated in Fig. 1. ab is a glass 
tube whose upper portion con¬ 
sists of capillary tube and is 
narrower than the lower part. 
CJarefully dried carbon dioxide 
was passed through the tube for 
several hours and then the tube 
Fig. 1.— Andres' apparatus. sealed at both ends. The lower 

end of the tube was immersed under mercury and opened, and some 
of the gas expelled by heat, so that, on cooling, a small column of 
mercury rose in the tube and enclosed the experimental gas. 

* Thomas Andrews (1813-1855). Born in Belfast, he was Professor of 
Chemistry at Queen's College, Belfast, from 1845 to 1879. He is remembered 
chiefly for his work in connection with the liquefaction of gawi. 
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Tho tube was surrounded by a strong copper tube A fitted with 
brass flanges at either end, to which brass pieces could b© 
attached airtight with the help of rubber washers. A screw 3 
passed through the lower flange. The tube A contained water and 
by screwing in pressures as high as 400 atmospheres could be applied 
to the carbon dioxide enclosed above e. To register the pressure a 
similar capillary tube containing air was placed on thp right side, and 
was enclosed in a tube A', exactly similar to A, with which it com¬ 
municated through the tube cd and thus the pressures in both the 
tubes were always kept equal. The pressure in either tube could be 
varied by means of the screws R or S'. The capillary tube ar could 
be surrounded by any suitable constant temperature bath (not shown). 


3. Discussion of Results.— The curves obtained bv Andrews are 
shown in Fig. 2. Let us consider the isothermal corresponding to 


13‘1°G. Starting from tlu* 
right wo see (portion AH) 
that ns w r e increase the pres¬ 
sure, the volume diminishes 
considerably and finally lique- 
iaction of the gas begins at a 
pressure of about 4U atmos¬ 
pheres (point B). As long as 
liquefaction continues the 
pressure remains constant 
and the volume continually 
diminishes, more and more 
of the gas being precipitated 
as liquid. This is indicated 
bv the nearly horizontal line 
BC. (The slight inclination 
indicating an increase of pres¬ 
sure towards the end is duo 
to the presence of air as im¬ 
purity). At C all the gas has 
condensed into liquid and the 
almost vertical rise of tlu* 
curve indicated by CD corres¬ 
ponds to the faet that liquids 
arc only slightly compressible. 



The isothermal corresponding to 2l\TC is of the same general 
form but the horizontal portion B'C' is shorter. In this case the 
specific,volume of the vapour whrn condensation begins is smaller, 
while 'that of the liquid when condensation has completed i§, 
greater than the corresponding volumes for the previous curve. A© 
the temperature is raised thesp changes proceed in thu same direction, 
as above, till at 3V4°C the horizontal pari has just disappeared and. 
the two volumes have become identical. This is called the critical, 
inothetmal for carbon dioxide. Above this temperature, the horizontal 
part is* absent from all the isothermals and as we increase the pressure. 
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there is no visible formation of liquid, but the volume dimixiishes 
rapiflly till it becomes nearly equal to the volume of the liquid at a 
slightly lower temperature. This peculiarity of the isothermal also 
disappears at higher temperatures as is evident from the isothermal 
for 48*1 °C which is much like the isothermals for air shown separately 
on the right-hand top. 

We thus see that the whole diagram for carbon dioxide is divided 
by the critical isothermal into two essentially different regions. 
Above this isothermal no liquid state is at all possible even under 
the greatest pressure, while below it there are three separate regions. 
In the region enclosed by the dotted curve BB'PC'C whose highest 

C t P, called the critical point lies on the critical isothermal, both 
d and gaseous states coexist. To the left of the line PC and 
bdow the critical isothermal there is the liquid region while to the 
right of PB there is the gaseous region. Now if, by means of gradual 
changes, we want to convert gaseous C0 2 at 25°C and 60 atm. pressure 
(represented by the point B) into liquid C0 2 at the same temperature 
(represented by the point S) without any discontinuity appearing, 
i.e., the mass is not to separate into a liquid and a gaseous part with 
a layer between them, wo must avoid reaching the inside of the 
dotted curve BB'PC'C. Thus we heat the substance above 31'4° and 
then compress it till the volumo becomes equal to that of the liquid 
at that temperature. Next cool it to 25°C and then reduce the 
pressure. ThuR starting from the point B which undoubtedly repre¬ 
sents a gaseous state we are able to reach, by means of gradual 
changes, the point S which undoubtedly represents liquid state, while 
at no stage of the operation any heterogeneity or meniscus appears 
in the whole mass. This result is expressed by the statement that 
there exist* a continuity of the liquid and gaseous states and was 
established by the experiments of Andrews. 

We have seen that if gaseous carbon dioxide is compressed above 
31'4 D C no liquid can make its appearance, however great the pressure 
may be. More accurate experiments show that this temperature is 
31*0° and not 33’4". The temperature 31'0°C is called the critical 
temperature (T e ) for carbon dioxide. We may define critical tempera¬ 
ture as the highest temperature at which a gas can be liquefied by 
pressure alone. This is why the earlier attempts to liquefy the 
permanent gases failed, though enormous pressures amounting to as 
much as 3,000 atmospheres were sometimes employed. .JEha_ .pres sure 
necessary to liquefy gases at the critical temperature is called the 
critical pressure (p t ) and the volume which tho gas* then occupies, 
at the critical temperature and critical pressure, is called the 
critical volume (T 0 ). These three quantities are called the critical 
constant s' of a gas. A table giving the critical constants for various 
gases is given on p. 102. It obviously follows that in trying to 
liquefy a gas, it iB useless to apply pressure alone if the initial tem¬ 
perature is above the critical point and no pressure greater than the 
critical need be employed. 

* Of course the volumes occupied by the gas and the liquid at the critical 
temperature are the same. 
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DISCUSSION OF VAN DER WAALS* EQUATION 
Tabic* 1.— Valu(B of 'a* and *ft" for some gases. 


Substance 

a x 10* 

b x 10* 

_ .__ 

Helium 

in atm. xem. 4 

in c.c. 

6-8 

106 

Argon 

2tiH 

148 

Oxygen ... ...1 

1 273 

143 

Nitrogen ... ...1 

1 272 

178 

Hydrogen 

48-7 

118 

Carbon dioxide 

| 717 

191 

Ammonia ... 

i 833 

166 


Exercise .—Using the values of 7, 53, p c 

late ‘a’ and*ft* iofr 1 helium for a gram-molecule. 

a ^ tt R2 ta jAx (8-3 x io 7 ) 3 x (:>■;})= 

04 /y 04 x 12 25 x I 'OJ x 10 b 
aim. x cm.* 


= 2'25 atm., calcu¬ 


li lies x cm 1 — 3‘5 x 10 4 


ft - 


r 7, 5\‘K 8’3x10 7 

8' 2-25x8 x rnj xio b 

6. Discussion of van der 
Wauls’ Equation. —Wo shall 


21 o 


now discjuss 
equation 


van der Waals' 


o-".) < r - 


ft) 11T. 



Tin- is mu equation of the 
ihini debtee in I", lienee it 
tnllows that ha every talue 
oi p, V must liavo throe 
\ allies. Further, Irom Iliomy 
ill equations, cither all the 
illroo values me leal or one 
i> real ami two imaginavv 
Again writing the oqun- 
lmn in the I on ii 

ET a 

v ~ V-b V* ’ ’ ^ 

we see that for very largo 
values of V, p ib small and 
in the limit p= 0 when V == oo. 

Again, when V is very small 
approaching ft, p tends to in¬ 
finity. Hence the curve must 
have a concavity upwards, 
further T cannot be less than 
ft for then p would be negative which is physically absurd. If in (7) we 
* Taken from Landolt and Bornstein, Phytikidiscte-Ohtmische TabeHtn. 
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substitute the values of ‘a’ and ‘b’ for carbon dlbxide vie., a=0'0Q717 
atm. x cm. 4 , b = O'OOIOI c.c. and then represent the resulting equation 
by means of gT&phs for every temperature (p=ordinate, 7 = abscissa), 
curves of the type shown in .Fig. 3 are obtained. It is readily seen that 
the curves resemble, in general, the experimental curves (Fig. 2) 
obtained by Andrews, but if we look for quantitative agreement by 
trying to make the two sets of curves coincide we are greatly dis¬ 
appointed. In fact, the agreement is only approximate and qualitative 
partly because of errors in the assumed values of ‘a* and ‘b’ and 
partly, because the equation holds only approximately. 

There is, however, a remarkable divergence between the theore¬ 
tical and the experimental curves in one region. The theoretical 
curves drawn from van der Waals’ equation give maxima and minima 
iu the region represeuied by straight lines in Andrew's curves. Experi¬ 
mentally, this is the region where condensation or vaporisation begins 
and the pressure remains cnimtant as long as the process contuiues. 

This difference is easily explained when the theoretical curve is 
properly interpreted. The part bd inside the dotted curve corresponds 
to the fact that the volume should decrease with decrease ot pressure 
which is quite contrary to experience. This would be a collapsible 
Htate, for any decrease oi volume is accompanied by a decrease of 
pressure which tends to further decrease the volume. (This is 
apparent if we imagine the fluid to be confined in a cylinder.) Thus 
the state of the fluid inside the dotted curve represents a state of 
unstable equilibrium, and consequently, can never be realised in 
practice. This is why the part bed is not obtained in Andrews’ 
experiments. The portion ab represents supersaturated vapour and is 
sometimes obtained experimentally as, for example, when air con¬ 
taining water vapour is compressed beyond the point when condensa¬ 
tion would usually oecur, without condensation occurring. This 
happens when the aii is free from dust or charged ions which act as 
nuclei for condensation. This state is, however, unstable and is easily 
disturbed by the introduction of particles of dust, etc. Hence the 
portion ab which represents supersaturated vapour in unstable equili¬ 
brium does not occur in Andrews' curves which represent only states 
ot stable equilibrium. Similarly, the portion dc represents a super¬ 
heated liquid which is also in unstable equilibrium and is obtained 
experimentally whpn gas-free liquid is carefully heated. Hence this 
also does not occur in Andrews’ curves. Thus the apparent diver¬ 
gence is explained. 

Van der Waals' tlipory, however, does not tell us when conden¬ 
sation begins, i.e., where the straight part commences. A simple 
thermodynamic argument* shows that the straight portion should be 
so drawn that the area abca = area cdcc. 

* Let the substance represented by tho point a form the wording substance 
of a heat engine (Chap. IX) and let it be taken through the cyclic operation 
represented by the path abcdeca. Since the temperature remains constant 
throughout the process, it follows from the theory of heat engines (Chap. IX) 
that the total work done by the working substance, i.e., the area of the enclosed 
curve is aero. Hence the two areas abca and erfee, since they are described in 
opposite senses, must be equal. 
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The maxima and minima points on the theoretical curve can be 


obtained by putting 


dV 


= 0. 


Hence from (7), by differentiation, 


or 


HT 2a 

o'* (K-0) 3 + H “ U ’ 

_ 2a(V-by 
KV' ■ 


( 8 ) 

W 


Thib is also a cubic equation. Hence, for every isothermal there arc 
three real or one real and two imaginary points of maxima or minima. 
The cur\cs below P m Fig. 3 are seen to possess one maxima and one 
minima point while those above it have none at all. A slight mathe¬ 
matical transformation will sbow T that the other point nf minima lies 
in the legion F<b and hence has no physical meaning. Equations (7) 
and (9) when combined yield 


ut V -2b \ 
V- -y7- 


( 10 ) 


This is the curve passing through the maxima ami minima points and 
is shown by the dotted curve QPR. 

In Fig. 2 sill isotheimals lower than P cut the dotted curve 
E-B'PC'C at two points anil, therefore, liqueiaction can be observed 
hv changing the pressure along them. For the critical isothermal, 
t.r., the isotheimal corresponding to the critical temperature, these 
two points have coalesced into one. Eeferring to Fig. 3, it is readily 
seen that the isothermal passing through the point P, where P is a 
point of inflexion for ilie family nf curves or a maxima point lor the 
dotted curve, is the critical isothermal because below P evoiy isother¬ 
mal has got maxima and minima points while above V there are 
none at all. As we have sren above, if the isothermal has got 
maxima and minima points there must be liquefaction of the gas 
and we can find out the position where liquefaction begins. For 
liquefaction there must be two points on the curve having equal 
pressure. The highest isothermal for which this condition is satisfied 
is the one passing through the point P since at P the maxima and 
minima points have coalesced into one. Hencp V in Fig. 3 must be 
identified with the critical point and the isothermal through it with 
the critical isothermal. Now for P to be the maxima point of the 
dotted curve we have, by differentiating (II) with respect to V and 
equating to zero, 

a Ha(V-2b) __ 

pa- V* ’ U ’ 


or 

V r = 8&. 

From (10) 

a 

P> ~ 27b* 

and from (7) 

T 

•“ 27Rb 


■ (id 
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The critical constants may be very easily deduced from (7), since 
for the critical isothermal the point P is a maximum point sb well as 

a point of inflexion, and for it both and ~ are equal to zero. 

We have therefore 


dP __ RT 2a __ 
0^ _ (V-bf +F a “ 


(B) 


_2J2T 

Combining (8) and (12) we get V c = 36, and with the help uf 


<B), T c 


0a 

27Rb ‘ 


Finally from (7), p„= 


, Rr c 

and -p- 


8 

8 " 


7. Defects in van der Waals’ Equation. —In spite of general 
agreement deductions from van der Waals’ equation show consider¬ 
able deviation from experimental results. We have already 
shown that for carbon dioxide the curves drawn from van der Waals’ 
equation do not quite agree with the experimental curves of Andrews. 
A particular isothermal may be made to agree much more closely with 
suitably chosen values of ‘a’ and ‘6’ but then for the same values 
the agreement is not so good for other isothermals. This only implies 
that ‘a* and ‘b’ vary with temperature as has been directly found 
from experiments but van der Waals' theory assumes them to be cons¬ 
tant. This is a great defect of the theory. 

Another discrepancy, however, lies in the value of the critical 
coefficient RT e /p r .V c . From equation (.*5) this should be 8/3 for all 
gases, independent of their nature. Actually, however, it varies from 
gas to gas, the value ranging from 2'25 for neon to 4'99 for acetic 
acid. It thus seems to depend upon the molecular structure of the 
gas. 

Again van der Waals equation gives T 7 P = 3b, while experimentally 
it is found that V c is more nearly equal to 2b. 

8. Experimental Study of the Equation of State, —The methods 
of determining isothermals for gases and liquids fall into two classes: 
(a) In the one, w r e observe the change in volume when different 
pressures are applied, (b) In the other, volume remains constant, 
the quantity of matter being varied. 

(a) Apparatus based on the principle of variable volume. —When 
the pressure is small, the apparatus is quite simple and is given in 
‘dlementary text-books as the Boyle's law apparatus. For higher pres¬ 
sures up to 100 atm. an apparatus due to Cailletet is used. This is 
described here. The same apparatus with certain modifications has 
been used by Begnault, Andrews and Amagat in their researches. 
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The apparatus is shown in Fig. 4. T is the measuring vessel 
made of stout glass which endB in a 
carefully calibrated capillary tube. 

The lower part of the vessel is placed 
in a steel cylinder. By means of a 
brass piece A and a screw E the 
vessel is held in the steel cylinder. 

M is n thermostat surrounding the 
upper narrow part of the tube which 
us again closed by means of a mnntJi* 

<\ The vessel T is filled with the gas 
under investigation at atmospheric 
pressure, the space between T and 
the inner wall B being tilled with a 
sufficient quantity of mercury over 
which a quantity ol glycerine or 
paraffin nil is pomerl. Pressure js 
communicated fiom a rnmpre&siiHi 
pump through glyceiino to the 
measuring -vessel At high pressures 
mercuM will rise up to the enpillan 
tube and the \oIuine cun be easily 
read off Juan the calibration. When 
the piessuie is high, it is measuied In 
n compulsion manometer. Tf I lie 
presume is above 300 atm. and is 
exerted only Jtom the inside the capil- 
laiifs me generally smashed, lienee 
I he cxpoimieiilal tube should be suh- 
|ectp(l to pressure Irotn all sides. Such a pres^uu luhe ojs Limit bv 
Amagnt. 

Amagat earned out tin exhaustive study of 
the behaviour of several gases b\ the above 
method. In one set of experiments he employed 
pressures up to 4o0 atm., while in the next series 
p pressures as high as 3,000 atmospheres worn 
used 

(b) Appaiafus based on the principle of 
variable mass .-- Thi* method was employed by 
Ilolborn und Sehultze, Ilolbom and Otto and 
Kamerlingh Onncs. These investigators woiked 
at high pressures and obtained important results. 
Since with increasing prossurn the volume be¬ 
comes smaller, greater error would occur in read¬ 
ing the volume at high pressures. To avoid it, 
these investigators kept the volume constant and 
Ti 5 —The used different quantities of the gas whose masses 

pressure balance. were determined* The apparatus becomes some- 
what complicated by the presence of devices for 
the introduction and removal of the gas both inside and outside the 

1 
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experimental vessel. An ingenious pressure balance shown in Fig. 5 
was used to measure such high pressures. The metal block B was 
firmly clamped in position and carried the tube T which was con¬ 
nected to the apparatus containing the experimental gas. The block 
B has also a cylindrical hole in which the cylindrical rod B accurately 
fitted. Between B and the gas in the tube T there was castor oil so 
that gas pressure, transmitted through the oil, tended to raise the 
piston B. ITais was just prevented by the screw S pressing on the 
top of B with the combined weight of the frame F and weights W. 
When balance is obtained, i.c., the piston neithpr rises nor falls, the 
gas pressure p-mg/a, whore m is the mass of B, N, F, and W, and 
<1 is the cross-section oi the piston or the cylinder. 



behaves like hydrogen. 

This general behaviour of the isothermals can be easily explained 
from van der Waals 1 equation. We have 

(p+ = BT ' 

or pV-pb+ = BT. ( 13 ) 

In the third and fourth terms which are small, we can make the 
approximate substitution V = ET/p. Eqn. (18) then yields 
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TV.} 


pT-pb 4 


op fl i£ a _ RT 

RT R*T 2 ~ ‘ 


(14) 


At high temperatures the term abp 2 /R 2 T 2 can. be neglected. If we 
then plot pT as ^/-coordinate and p as sc-coordinate, the plot will be a 
btraight line inclined to the pressure axis (c.g. curves for H 2 in 



Fig. 7.—Cur\ps for i arhon iJicmdo. 


V ig. OJ. Thus for temperatures abino the Movie point T it - ajbR 
tlie slope will always be positive as lor H_, in the figuie. Kor tem- 
peMtuies below the Uoylo point as in tlio case of N, and CO a in 
Figs 0 and 7, the slope will be negative unless tlio pressure is too 
high. This can be rowlily seen fiom eqn. (J4) which holds lor the 
Ci 'lend case, since 


slope - 


dy 

dp 


= b- 


a 2abp 
RT + B2 y 2 . 


(15) 


Tlie slope is therefore negative at low pressures but becomes positive 
at sufficiently high pressures. The minima point on the Amagat curves 
t f , the point, where the slope changes its sign, can be obtained by 
equating (15) to zero. Thus corresponding to any single value of 
pressure there are two temperatures given by the relation 


a 2 ahp _ 
RT + R*T* u ’ 


( 10 ) 


i.c. t the dotted curve through the minima points is approximately 
parabolic. Eqn. (16) shows that the dotted curve will meet the axis 
p —o at theBovlo temperature T B =afbR. Thus Amagat’s curves can 
46a fully explained with the help of van dcr Waals 1 equation. 





100 


EQUATIONS OF STATE FOR GASES 


[CHAP. 


10i Experimental Determination of Critical Constants.—We have 

defined the critical constants in sec. 3. They are constants charac¬ 
teristic of every substance, and are of fundamental importance as 
they occur in certain equations of state. Their importance in the 
Btudy of liquefaction is discussed in Chapter VI. 

The determination of these critical values is often a task of 
considerable difficulty. Of these the critical temperature is the easiest 
to measure accurately. For ordinary substances* a hard glass tube 
like that of Andrews and connected to a manometer may be employed. 
Sufficient quantity of the liquid is introduced and the tube surrounded 
by a thermostat which can be maintained at constant temperatures 
differing by very small amounts. The temperatures at which the 
liquid suddenly disappears and reappears arc observed, the mean of 
these giving the critical temperature. The critical pressure is the 
pressure at the critical temperature and can be read easily from the 
manometer. The critical column ih much inure difficult to measure 
accurately, for even a small variation of temperature by 0'1°C pro¬ 
duces a large change in volume, and hence the substance has to be 
kept exactly at the critical temperature. The pressure must also be 
exactly equal to the critical pressure since the compressibility of the 
substance in this region is very great. The method adopted was to 
arrange in such a way that a very slight increase of volume loweml 
the temperature bv a small amount and caused the separation of the 
mass into liquid and vapour, the liquid appearing at the top. This 
initial volume is called the critical volume. The amount of substance 
initially contained in the tube has thus to be adjusted. 



The mosl accurate method, 
however, is to make use of the 
L aw of H rclilin car D iuntct r 
r it "mean itPireitics, dlscmerrd 
b$r CailTetTl diid Mathias Fi 
the density oJ a liquid and of 
its saturated vapour be lepie- 
sonted by ordinates and the 
corresponding temperatures by 
abscissae, a curve roughly para¬ 
bolic in shape is obtained (Fig 
8 ). In the figure the i apuur 
density of nitrogen is plotted 
from the observations of On- 
ues and Crommelin and is 


typical of all substances. The densities in the two states go on 
approaching each other till they become equal at the critical tempera- 


* Sometimes a simple apparatus, first suggested by Caguiard de la Tour is 
employed for the purpose. Tt consists of a glass tube shaped like J, with its 
shorter arm somewhat broadened and containing the liquid in question which is 
separated from sir in the larger arm by a column of mercury. The two ends are 
dosed, the air in the longer arm serving as a compression manometer. The 
disappearance of the surface of separation between the liquid and its vapour in 
the shorter arm was observed. 
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ture. The curve AB is a line passing through the mean of the vapour 
and liquid densities and will consequently pass through the critical 
temperature. It was first observed by Cailletet and Mathias that for all 
substances this line was straight or very nearly so. The equation for 
this line is y =+ p v )=a+ bi where y is the ordinate and t the 
abscissa and pi, p 9 denote the densities In the liquid and the vapour 
states respectively. This law enables us to find the critical density or 
the critical volume, for we determine the densities of the saturated 
vapour and the liquid as near to the critical temperature as possible, 
then draw the rectilinear diameter. The intersection of this line with 
the ordinate at the critical temperature gives the critical density p 9 
or the critical volume. 

For substances like water which attack glass at high tempera¬ 
tures Cailletet aud Colardeau employed the apparatus shown in 
Fig. 9. The strong steel tube AB, platinized inside to prevent attack, 
contains the water or the substance to be investigated. It is immersed 
in a temperature bath LL which is heated by a gas regulated burner, 



Fig 9. 'aillclet and Colardeauapparatus 


and thus its temperature can be kept constant. The tube AB is 
connected to a similar steel tube FG by means of the flexible steel 
^pital ODE. Mercury fills part of the tube AB, the spiral CUE 
and the tube FG up to the level S v above which tliore is water filling 
the entire tube up to the manometer. Different pressures can be 
applied by the force pump aM indicated. At an insulated platinum 
ymre which is sealed in the side of the wall completes an electric bell 
circuit. When the temperature of the bath is raised the pressure of 
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the vapour in OB rises, mercury is forced past in FGr and sets 
the bell ringing. Water is forced in by the pump to keep the le\el 
of mercury constantly at Sj aud thus the volume occupied bv tin* 
water and water vapour in AB remains constant. The platinum 
wire at completes another electric circuit and serves to sound a 
warning that the whole mercury iB about to be expelled out of AB. 


We thus get the vapour pressure curve til the Rubstance. The 
curve is perfectly continuous and characteristic ot the substance. 

For water this is shown in Fig. 
240 - tiiy' 10. If, however, we start with 

Jp' different quantities of the liquid 

£ c jr eet the same curve as far as 

r 0l H p c ™. yi m M, but above it we get different 

^ X I curves. The vapour presume 

** 160 X \ thus appears to branch off at M, 

•E / ! a point whose position was 

gizo- | found by Pailletet to be praetie 1 

§ yX ! ally independent ot the quantity 

g so-^ ! of liquid taken. This lompmi- 

** !y c tuie is the critical Icmpm-nlme 

40 1 , | r 1 i r— for the substance. 

300 320 340 360 380 4 00 

Temperature centigrade. !*■ We Pj^bclnw a * al,le 

ni mtical const,mis, taken tiom 
K. ? . 10-Vapour 1'rcv.mr. Landolf and Durimlpill's i'/M/sl- 

( nr., for Waler Lnl.Hch-Chrm'trhr Tabrllm ’ 


Table 2.— Critical thin 



Tr 

P , 

r,. 

RT r 

Gas 

in "0. 

1 

in atm. 

Specific 

volume 

PrV r 

TJelium . ■ 

- 207*9 

a -i.". 

15*4 

3*13 

Hydrogen 

—-2;W9 

12*8 

32*2 

3*2H 

Argon - ■ 

—122*9 

48*0 

I'M 

3*48 

3*42 

Oxygen 

- 118*8 

49*7 

2*32 

Nitrogen 

—147*1 

33*5 

3*21 

3*42 

Carbon-dioxide 

1 81*0 

72*8 

2*17 

3*4fi 

Ammouia 

| 182*2 

112*3 

4*24 

412 

Ether 

198*8 

35*6 

3*85 

3*81 

Sulphur dioxide 

157*2 

77*0 

1*05 

3*60 

Methyl chloride 

143*1 

65*9 

2*71 

3*80 

Water 

374*2 

220 

2*0 



12. Matter near the Critical Point —There has been much dis¬ 
cussion about the state of matter near the critical point since the 
time of Andrews. The properties actually observed are:—(1) the 
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densities of the liquid and The vapour gradually approach each other 
till they become equal at the critical point; (2) at the critical tempera¬ 
ture the boundary line between the liquid and the vapour disappears, 
and hence there must be mutual diffusion, and the surface tension 
must vanish, i.e., the molecular attraction in the liquid and vapour 
states must become equal; [3) the whole mass presents a very flicker¬ 
ing appearance which suggests that there might be variations of 
density inside the mass. This was experimentally observed to be so 
by Hein and others. They suspended spheres of different densities 
inside the fluid when each comes to rest at a horizontal surface 
having a density equal to its own; (4) compressibility of vapour at 
thn critical point is infinite and is very great near that point. As 
pointed out by Guoy, this explains the variation of density throughout 
the mass observed in (B), for the superincumbent vapour causes the 
density of lower parts to increase. 

From these considcralinns the simplest and probably the most 
cm rert view which was put forward by Andrews appears to be that 
■just beyond the critical tcnipprature the whole mass is converted into 
vapour consisting of a single constituent and should behave like 
a gas near its point of liquefaction. 

According to this theory the critical phenomenon, i.e., the dis¬ 
appearance of the boundary between the liquid and the vapour and 
not its motion, should occur only when the amount of liquid in the 
lube is such that ii will fill the whole tube with vapour of critical 
density. If more liquid is present the meniscus should go on rising 
till sit the critical temperature the whole tube becomes filled with 
liquid. Tf less liquid is present, the meniscus goes on falling till 
at the critical temperature the whole should become filled with vapour 
alone. Experimentally, however, Ucin found that the critical pheno¬ 
menon is observable when the initial density varies from 0’735 to 
1209 times the critical density. This is probably due to the property 
(4) as the variation of density Inside the mass allows the excess 
or deficit amount to be adjusted. The branching of the vapour 
pressure curve at M observed by Cailletet and Colardeau may be 
explained in a similar way. 

Experiments with water by Callendar point to tho existence of 
a critical region rather than a critical point. He found that the 
density of the liquid and the vapour did not become equal at the 
temperature at which the meniscus disappeared, but that a difference 
of density was perceptible even beyond that temperature. The criti¬ 
cal point is that point at which the properties in the two phases 
become equal. 

Books Recommended 

1. Jeans, .Kinetic Theory of Gases, C. U. P. (1940) 

2. Kermard, Kinetic Theory of Gases, (1938). 

<3. Glazebrook, A Dictionary of Applied Physics , Vol. 1. 



CHAPTER V 


CHANGE OF STATE 

Fusion—Vapuri s 4tion—Sublimation 

1 . It is a matter of common experience that on the application) 
ot heat, substances change their state of aggregation. Thus when ic.e 
is heated it melts into liquid (water) at 0°C (the melting point). 
When further heated the liquid passes completely into the vapour 
statp at 100°C (the boiling point) under atmospheric pressure. Con¬ 
versely, on withdrawing heat from a gab, it liquefies at the liquefac¬ 
tion point and later the liquid Folidifies at the freezing point or 
solidification point For a pure substance the melting and the freez¬ 
ing points are identical, as are also iho boiling and the liquefaction 
points. 

The temperature at which any change of state takes place is 
generally fixed provided the external pressure is fixed and the subs- 
tance is pure. The fusion point usuall) varies very little with the 
pressure (it requires a pressure of about IHO atm. to lower the melting 
point ot ice to —1°0), but the variation of the boiling point with 
pressure is very great. As a matter of fact, it can be easily shown 
that water can be made to boil at any temperature up to 0 o C. J pro¬ 
vided Ihe pressure is sufficiently reduced. Conversely, the boiling 
point can also be raisrd considerably if the pressure be sufficiently 
increased. These facts can be readily verified by considering evapora¬ 
tion in a closed space. 

2. Evaporation In a Closed Space. —It we fill a glass vessel partly 
with water and evacuate it with a pump, then water will begin 
to boil even at room temperature If the pump be now cut off, tin* 
pressure can be measured by a manometer. For a certain definite 
temperature of the liquid, there is always n definite vapour presume 
If w r e increase the total space, more liquid will evaporate and fill up 
the extra space. If we reduce the spacr, some vapour will condense 
till the remaining vapour exerts the same pressure Tf there is a 
third gas, not reacting with the vapour, the partial pressure of the 
liquid will be approximately equal to the vapour pressure in the 
absence of the third gas. It is an important experimental task in 
Ph>sics to determine the vapour pressure ot a liquid at different 
temperatures. 

3. Latent Heat —Black found that the change from one state 
to another is not abrupt, but a large amount of heat must be 
absorbed before the entire mass is converted from one state to 
another at the same temperature.! Thus to convert 1 gram of 

■ More ngoroubly. np to the triple point. 

t We have already discussed in Chap. II, pp. 33-37, the methods of measur¬ 
ing quantity of heat by Change of State. 
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ice at 0°0 to 1 gram of water at 0°C, about 80 calories of heat 
are required. The amount of beat required to convert 1 gram of a 
solid into a liquid without raising the temperature is called the latent 
heat of fusion. This amount of heat is required for overcoming the 
forces of attraction between the particles of the solid, so that they 
may become mobile enough to form a liquid. In solids the molecules 
are Imagined as vibrating about mean equilibrium positions which 
are fixed but in liquids they execute rotational and translational 
motions and wander throughout the liquid, though considerably ham¬ 
pered. Similarly, to concert one gram of water at 100°C to vapour 
at 100°G, calories uie required. This heat, which is necos- 

btm for pulling the molecules of water so far apart that they become 
quite independent nt each other (vapour stale) is known as the 
latent heat of vupomatun ? It will bo seen that the latent beat varies 
greatly with the temperatuie of vaporisation. 

4. Sublimation. —Sometimes a solid may pass to a vapour state 
without passing tlnough the intermediate liquid state. Camphor 
furnishes a good example ot this class. On being heated it does 
not melt, but simpk esaporates. Such a process is called Hublima- 
tion and the substance is ^aid to be volatile. 

But we shall see that the process is not peculiar to any parti¬ 
cular substance. All solid substances possess finite vapour tension 
at even ordinary temperature. When this vapour tension is too 
small, we take no notice ot it, but with the aid of delicate apparatus, 
it can be measured. A substance is said to be volatile only when the 
boiling point at atmospheric pressure is less than the melting point. 
Thus under an atmosphere different from our own, say at the moon, 
even ice which we do not consider volatile would have to be treated 
as Ruch. The moon is supposed to have a veiy thin atmosphere 
(<1 mm. of mercury), and the temperature is below 0°C. If we 
consider ourselves transported to the moon, our studies will show 
that ice is volatile because on being heated, it will evaporate to the 
gaseous state without passing through the liquid Rtate. If we want 
liquid water in the moon we must artificially produce a high pressure 
and apply heat to ice under this pressure. Similarly, camphor can 
lu* molted to a liquid form when it is healed under high pressure. 

5. Amorphous Solids. —Impure substances, mixtures, and non- 
crystalline substances do not usually have a sharp melting point; 
in their case fusion and solidification take place over a short range 
of temperature This is due to the presence of two or more subs¬ 
tances which do not solidify at the same temperature. Examples of 
such amorphous substances are wax, pitch, glass etc. Glass gra¬ 
dually softens throughout ifs bulk as its temperature is raised and 
is usually regarded a supercooled liquid. 

6 . Change of Properties on Melting. —Several properties of subs- 
tances change in a very marked way when a substance melts. This 
is due to the regular arrangement of the molecules in the solid being 
destroyed by the addition of heat. The following are some of these 
properties:— 
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(1) Change of Volume _Most substances expand on solidifica¬ 

tion while a few others contract. To the former class belong ice, 
iron, bismuth, antimony, etc.; paraffin wax and most metals belong 
to the latter class. Good castings can only be made fiom substances 
of the former class. Often enormous force is exerted by water when 
it freezes mto ice. The bursting of water pipes and of plant cells 
and the splitting of rocks is due to tills cause. 

(2) Change of Vapour Pressure. —The vapour pressure abruptly 
changes at the melting point. The vapour pressure curves of Iho 
solid and liquid states are different and then* is a sharp discontinuity 
at the melting point (Chap. X). 

(3) Change of Klctinral Hesislnnrt —The electrical insist anee 
of metals undergoes a sudden change ou melting. When the subs¬ 
tance contracts on melting Iho conductivity inereasrs and when it 
expands on melting the conductivity decreases Table V below gives 
the ratio nt the resistance of the fluid metal to that of the solid form 
at the melting point fur a number of metals. 


Tabic 1 . 


The Ratio 


rfsiitance of fluid metal 
resistance of crystallised mclal 


for some nicltih. 


Substance 

] Inf id 

Substance j 

.Rutin 

A1 

VCW 

Cu i 

P07 

Nb 

(V70 

Tii 

i no 

Pb 

20 

Na 

1 34 

r.i 1 

V07 

Ag I 

1*!)8 

rs i 

1 ‘05 

hi 1 

n \r t 

(la 1 

0\ifl 

Zn 1 

2'00 

\u 

2'2B 

Sn 

2 01 

K 

1 

M2 

i 



(4) Tl is al^n found that molten metals show a discontinuity 
in their dissolving power at the melting point. 

7. Determination of the Melting Point.—The melting point 
under normal conditions can be determined with very simple uppaia- 
tus. The substance may be heated in a eruciblp electrically or other¬ 
wise. For high temperatures, the crucible must be of graphite nr 
some other suitable material, wad the substanoB heatpd in a non¬ 
oxidizing atmosphere. If the substance is rare, it can be eiuploved 
in tlie form of a wire (wire-method). As thermometers, thp secondary 
standards are very convenient to use, the thermo-couple or the, 

* Taken from Rand by ch dvr Physik, Vbl. X. p. 37. 
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lesistance theimouiefoi being generally chosen such thermocouples 
ox resistance vines must not be thrust 
directly mto the melting sublime c but 
should be pn>tu.tfd hy i sb( Lth ol pin 
letting raiteml, stt poiulain haul 
glass 01 magnesia tubes \uw is Ion/ 
as thi substance is ineltnq. lb tunpiin 
tuie lemains const mt and lit net the 
]j M l 1 ol tin tbt lino ( mplt )i the 
■ csistanct ot tin thelnininelpi is dso 
stationing A cui\t is plotted with tin 
rMF m ibf usjstmci as niduntc 
and tune as abstissi l)u liou/outil 
put lLjni sculs tb iiM/ingntllu imtil 
uni tlic t out spinning I \I F n ius iis 
melting point Such t mnt in ioppu 
is shown iri 1 1 » 1 wlui OOyit lORli PI 

/ ouplf is list d Mi t onsf mt T "VI 1 
niespoudm n 1) llu liou/ont il put 
<ontsponds to 108t 8 C 

8 . Determination ot the Latent Heat of Fusion.- 1 or dttcinimmg 
the litmt 1 t il nt fusion m ordinal \ r llmimctiic method (Hup II) 

in^ be iiuplnv'd f r/ ( 1 ) Hu mrtliid oi rnrvtuus ( 2 ) the Biuw n 

it r lira imt tc t ( 1 ) tin nuthod nl toiling and ( 4 ) tleetrieil methods 
Method (l) is mump a l inf md will nit be consult if d hm 

7/it we fhril ot imrluu s If i-. quite simple md his bi fn t\ 
pi until in. (hup 11 Most >1 the milv h ti imin if ions of the latent 

ht it of ice \\ it mule b\ fhis me Hind I bus if A f gi ims of ict at 

0 ( uo xddtd to i film ime In rout lining w del whose total thorn'll 
eipieitv is IT \nd anti il terapuitun 0 1 and it 0 a be the final tem- 
piinluit flu ] if nf hr it fj is givi n b\ the t c 1 itioil 

ML r VO - Il O' 0! 

Vn impnif mt somee of mm in tin ibote mefbod lies in the fact 

1 h it some w itei idlniis f o flit rr\std<- nl ici it 0 C lo eliminate 

this ice below 0 V is J t t epic nt 1\ thus n which it quires % knowledge 

ol the specific heat nt if c In this method we in lequiiftd to find the 
heat taken up by ice in being heated A romeiFP method may also 
be employed i i m the heat gi\oi out bv w itei in solidification mui 
be found The most accurate expenmrnts give the value L 79 6 cal 
foi the latmt heat of fusion of let 

The method of miilmcs has bf pn \cry conveniently adopted to the 
simultaneous dcteinnndtion of the melting point and the latent heat 
of fusion of metals and then salts Goodwin and Kalmus employed 
this method for finding the latent heat of fusion of various salts A 
known weight of the substanee eontained in a sealed platinum vessel 
i* heated in an elootiic furnace to a high accurately measurable tem¬ 
perature It is then dropped into a calorimeter and the quantity of 
heat libeiated is determined in the usual manner The electric furnace 



I 1 Mdlnir, point it 
ioppir 


limit 10'S mV whkl 
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is specially designed to secure a uniform temperature throughout the 
platinum cylinder which is measured by a Pt-Bh thermo-couple. As 
calorimetric liquid, water was employed below 450°C and anililne above 
tlmt temperature. 

First a blank experiment gives 
the heat capacity of the platinum 
vessel. The experiment is then per¬ 
formed with the substance heated 
to different initial temperatures ex¬ 
tending over a range of about 50°C 
both above and below the melting 
point, and the final temperature 
of the calorimeter noted. From 
these after correcting for the heat 
Wro/urs C capacity of the vessel, the quantity 

hi« 2 —l.ntrnl H.at oi haat ^ pessary to rake 1 gram 

Fusion nf Sails of the substance from the room 

temperature to its initial tempera- 
could be calculated. Plotting Q as ordinate and T the corres¬ 
ponding initial temperature us abscissa curves of the type shown m 
Fig - are obtained. The discontinuity in the value of Q indicated 
b> the vertical line gives the latent heat of fusion, the temperature 
at which this discontinuity appears is the melting point T m , and the 
slop** of the curve at any leinperature gives the specific heat of the 
subsi ancei at that temperature. 

This method has been considerably improved by Aw ben and K 
(Inliitlis who have made accurate determination of tin* latent heat ol 
fusion of several metals. Thiw employed a very special tvpe nf calon- 
metei which was so designed that the heated siibstanee could be kept 
surrounded by w*ater inside the calorimeter and the lid of the latipr 
closed before any w’ater had access to it, so that the loss of liquid 
In evaporation was eliminated. 

EUrlrical Method .—This consists in measuring the amount of 
electrical energy required to heat a mass of the substance below its 
melting point to a temperature above it. The method was employed 
bv Dickinson, Harper and Osborne for finding the latent heat of 
fusion of ice. Electrical energy was supplied to a special calorimeter 
similar In that of 'Nemst in which ice below 0°C w r as placed. Then 

E = \ * m a , t dT y L+ [ **■ c v JT, (2) 

J?, i J r m 

where E denotes the electrical energy supplied per gram, T n T 2 its 
initial and final temperatures and i fl , up a the speoific heats of ice 
and water respectively. From this relation L can be calculated. 
This method is very convenient for finding the latent heat at low 
temperatures. 

Methods similar to the foregoing can also be employed for finding 
the beat of transformation ot one allotropic modification to another 
but we are not concerned with them here. 
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9. Indirect Method. —Another method oi finding the latent heat 
consists in making use of the Clausius-Clapeyrnn relation (Chap. X) 

L - T ” K-w,), (3) 

where v 2t f\ denote the specific volumes of the liquid uud bohd 
iebpectnely, and ^ the iatio of Hie change oi presume to the i lunge 

of the freezing point. Jn this wa\ L ran bo easily found. 

10. Empirical Relationships. It ubsened bj Itichuids 

that it ML denotf s the latent heat multiplied b t y tlie atomic weight 
and T m the melting puuil, ML T ttl approximately constant ioi all 
substances anil its \uhie lies hetwein 2 and 0 r rhis generalisation 
is known as Tmulon * Huh lint ilie nlntion is only uppimcimntrh 
true, and the \alue oi Ihe coiislanl mm ms to depend upon the liatuie 
oi the crystalline ionn in whieh tin substance solidities. Table 2’*' 
shows how lui this eeiiLMalisivtinn holds. 

Tablt 2 -Must nil inn n j Tioufnn’i Jhth 


Substance 

Vi nine latent 
heat 

Mi ltrng 

pn'llt 

T 

1 u\ 

ML i 
T,« | 

Gi>stal s\stem 

\n 

030 

371 

V7 


I\ 

a TO 

m 

VI 

l Spiu*p-tM*nti ed 

Uh 

,720 

112 

1*7 

( cube 

<\ 

,»ni) 

100 

1 7 

1 

C i 

2710 

poo 

2 03 


^8 

An 

2030 

3100 

1231 

1337 

213 

232 

Ji^rlv centred 

Pb 

1170 

000 

1 06 

cube 

V 

2700 

030 

2 70 i 


Mg 

1130 

027 

1*22 


/ill 

1800 

0112 

200 

i Hc\n£!onaJ 

i 

(M 

1.700 

.704 

2,73 

Hr 

560 

234 

240 1 

I 


11. Effect of Pressure on Melting Point. Revelation.— As 

already mentioned the melting point of a substance is not quite fi>cd, 
it changes when the external pressure is varied. Equation (3j giving 
the change in melting point due to pressuro has been deduced m 
Chap. X from thermodynamic considerations. This expression clearly 
shows that the melting point of substances which expand on solidifica¬ 
tion is lowered by increase of pressure while the converse is the case 
for the other class of substances. 

* Largely token from Sandbvch d?r Experimental-phyuk, Vol. 8, 
' Part I, p. 592. 
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Ice belongs to the first category. It is this property of ice which 
accounts for the well-known phenomenon of Rrgolation , f.e., the 
melting of ice under pressure and its resolidifioation when the pressure 
is released. This property enables us to explain the elegant experi¬ 
ment of Tyndall* in which u piece ot wire loaded at either end with 
weights and placed on a block of ice finds its way through the latter 
though the latter remains intact. The well-known phenomenon ot 
glacier motion is partly due to the same cause. Snow goes on 
depositing on a mountain and when the mass attains sufficient height 
the ice at the bottom melts under pressure and begins to flow, but 
as soon as tbe piessure is released it resolidifies. The block of ice 
thus continuously shifts down the slope and wc have the phenomenon 
of glacier motion. 

12. Fusion of Alloys. —Alloys, except those having composition 
in the neighbourhood of that of the eutectic alloy, do not have a 
definite melting point. Consider for example an alloy of lead and tin. 
The melting point ot lead is 327°C und that ot tin is 232°l\ the 
eutectic alloy having the composition 03% Sn and 37% L*b. If an 
alloy of IH)% Sn and ll)% Pb is cooled from the molten state it first 
becomes pasty at about 2L0°C when solidi/ication commences and tin 
begins to boparate out, and this continues till a temperature of 183 °C 
is reached and the lemaining liquid mass which has the composition 
03% Sn and 37% Pb bulHliiics conyiletely. Thus the addition oi a 
little lead to tin or a little tin to lead lias the effect of lowering the 
melting point ot the pure substance just as the addition ot a little 
suit lowers the melting point of ice In fact the behaviour of the 
alloy js just, like that oi the salt solution depicted in Pig. 1, ( hap. Vi 

Similarly it we start with a molten alloy rich in lead i.c. 80% 3?b 
20% Sn, the mass first becomes pabfcv at about 273° C when lead 
begins to separate out und finally the whole mass solidifies at 183 C. 
Thus whenever the alloy is very noli in one component, the molten 
mass will first become pasty on cooling, the paste consisting of crystals 
of solid held in the liquid, and this wdl be indicated by n halt in the 
cooling curie. On further cooling a second halt is reached when the 
entice mas*, solidifies at 183 Q C. Tbe alloy corresponding to the com¬ 
position 63% Sn 37% Tb is called the eutectic alloy and this tem¬ 
perature of 183 D C is called tbe eutectic temperature. If we start with 
the alloy of this composition it will solidiTy nr melt at a definite 
temperature—the eutectic temperature Similarly if we melt an 
alloy of composition other than the eutectic, it vrill first become pasty 
and then at a higher temperature melt completely. The alloy r of 
other metals in general behave similarly. 

Alloy* are of considerable practical importance. Thus orilinarv 
soft solder or tinman‘s solder is an alloy of lead and tin having about 
60% Sn t.r. a eutectic mixture of lead and tin. It has a melting 

# John Tyndall (1820 —1893). Bora in Ireland, he studied at MarbuTg 
and in Beilin. From 1853 onwards he was Profc&uor of Physics at the Royal 
Institution in Loudon. He was well-known os a brilliant experimenter and was 
fond of mountain epung. 
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point much lower than that of tin or lead, and has a sharp and 
definite temperature of solidilication. An alloy of tin and lead (tin, 
j- lead, 1) melts, at 194 l C; Rose's fusible metal (tin, 1; lead, 1; 
bismuth, 2) melts at 04°0; Wood's fusible metal (tin, 1; lead, 2; 
cadmium, 1 ; bismuth, 4) melts* at 00‘o°C though the melting points 
of bismuth, lead and tin are 209, 027, 2B2°0 respectively. 

13- Supercooling and Superheating. —It has been stated above 
lhal when a liquid is cooled it solidities lit a detinil-o temperature 
(it- freezing point). Mn«t. liquids, however, if slowly coolod in a 
peifectly clean vessel, cun bn brought down to a temperature much 
l*tlow the normal ireezing point without solidifying, 'rhis is known 
us tlie* phenomenon nt mtpt icnoliatj Water can in this way he cooled 
down to -10°C or still lower with a little can*. Dufuur suspended 
a minute drop of water in a mixture of ehloiofoim and ot sweet 
almonds which had a specific gravity equal to that ot the water drop 
and managed to cool the latter to -20‘(J without solidification while 
a drop of naphthalene 1 could be supercooled to 40 L (’ (normal melting 

: point being 

Supercooling is, however, essentially an unstable phenomenon. 
The uitimluctinn nt the smallest quantity of tlie vnhd in which the 
liquid would freeze at mice stuns the solidification Alechuuical dis- 
tinbance such as shaking the tube, stirring or nibbing the sides with 
a glass md, ur addition of some other solid is often sufficient to start 
solidification. U solidification has once started it will continue with 
■ volution of heat till the normal freezing point is touched. Aftor 
that further sohditicatiou will take place only when heat is lost by 
i idmliou, etc Absence of air favours supercooling probably because 
the dust particles contained in it arc then absent. 

Superheating is a similar unstable phenomenon wdnch can bo 
tihscived when water, free from dissolved air, i* enu fully heated, in 
fi clean vessel Under such conditions its trmpcrafme can bo raised 
several degrees above 100°O without its beginning to boil, hut when 
boiling starts due to disturbances of any kind, it starts with explosive 
■ Mgour, usually called bumping and the temperature falls to 100°C. 
This superheating is tlio cause ui the humping and is prevented by 
the addition of porous objects. 

VAPORISATION 

14- AVe have already seen that liquids us well a* solids possess 
definite vapour tension at definite temperatures We shall now 
describe some methods for determining thp vapour pressure. 

The range of pressure to bo measured varies from 10~ 4 mm. to 
400 atmospheres. In certain eases, pressures ns low at 10"* inm 
have to be measured. Tt is clear that such wide range of values 
icquires various kinds of apparatus. 

15. Vapour Pressure of Water.— The first accurate determination 
* of the pressure of saturated vapour w T as made by Dalton. A similar 
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but improved apparatus was later employed by Begnault for finding 

the vapour pressure at temperatures 
lying between 0° and 50 D C. Reg- 
nault’s experiments were performed 
with the greatest care and extend 
over a wide jange ol temperatures. 
His apparatus lor the lange 0° - o0 o 
is shown m Fig 3 Two barometer 
tubeb A anil B weie ai ranged hide by 
side, led 1mm the same cistern of 
mercur\ M The apace a above the 
mercun level m the tube B is 
vacuum, while water is gradually 
introduced at the bottom ot A till 
it uses thin ugh the meieuiy column 
and ev updates on leaching b. More 
water is intioducod till a ^mall layer 
ipinains ilo.it mg uvei the meicury 
sin lace in \ \ constant tempera¬ 

ture bath 1)1) furnish pd with stirrer 
(not shown) mil a Iheimometer 
surioumls n Ij as well as some 

Fit* 3~Renudult> vapoui length ul Ihe nieiemv column. The 
picssun* apparatus difleieiiei in the heights oi the two 

ltieicuiN i ,, iluinns which aie observed 
iliumgli a glass window with a (nthetometu, gives the salinated 
vupriUL piessuve of water at the lempei *itun ot the bath ('on net ion 
must he made foi the weight of walei m B loi Iteeu id eipilhuity, 
refraction, etc 

hor tunpeiatures below 0 C Begnault muddied Ins appaiatus 
to that of (lav bus sac Tin tup oi the lube \ was b nt lound and 
terminated in a spheiical hulb which containi d watei or ice and was 
surrounded by a suitable bath. Km teinpeiatmes not much above 
50°C the appaiatus all cadv desenbed (Fig B) could he used when a 
longer bath would be necessary, but ‘Kegnault prefened the boiling 
point apparatus (Sec. 18). 

16. General Methods.— The methods used for measuring 
satuiated vapour pressure can be broadly divided into two classes 

(i) Methods m winch the tempeiature is kept fixed and the 
pressure is determined either manometiicallv or by measuring the 
density of saturated vapour. This is called the chrrri or htalir method. 

(it) Methods in which the pressure is given and the temperature 
nt which the liquid begins to boil is deteimined. This is the dynamic 
method. 

17. Statical Methods. —Regnault’s method is illustrative of class 
(i) The same method can be adopted lor finding the vapour pressure 
of any liquid provided it does not roact with mercury and the vapour 
pressure is neither too high nor too low. Quite a number of investi¬ 
gators have employed this method. Their apparatus differ only in 
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unossentnl details A geneial sch me cf apparatus utilising this 
method is shown in Fig 4 A is» a small glass splieie, a few c«» 
in cipacitj, to which is attached a g'ass tube 
C and unothpr glass Tub* I) with a smallei bore 
Tins is connected to a biggei globe (l and a 
meicuiy manometer M ab>ut HO cn 1 ng 
r ihe whole appaiatus is fust evacuated thiougli 
llie stc p-cock and then tlie lattci is consul 
Next tie gas under investigation is inli uluced 
th ough the stop-cock S 2 and onndmisid m A by 
suilibly cooling the l.ittei , tin illy S, is also 
dosed The spli'io A is then simounded by 
tempeiatuie baths and the \upour piessme 
eoiiespondipg to the tempoiatm ot tlie b ith is 
mdica ed by the manLineter M Ji is a bam 
motel to indicate the ntmnsphcnc piessuie 
The uppu itus is convenient to mMsuung 
Mipnui piessu cb linn i If vv c rn tj the Vinus 
pli lie piessme For h glun pnssuts » cun 
piesstd an minomptei may he implo\ed when 
tlie wJij'p appaiatus has to le made ct st il 

A similni uppuntus was implied by Hen 
ning ami Stoik lor hn ding tlie \apo 1 p rssu n 
ol h number of gasi s b tween +10 and 
1 HI °C 1 On the sune piiunplc Saint ns has 
dcM'opotl \ ipom piessme fli imrmietiv at low 
lunpti Puies Foi h »,h pus uiis \w nnv 

meritim th r assit d i\pti mints o f ( ulli*it 
and Culaidt iu (p 101) with w iti i \mhtws 
appm itus (p PH) may dsj lit* us d Ilulbun 
and II mm inn dcteimimd tin \ ip >iu pursuit 
of wahi iliovo 200 fc ( In the st ilii d ini tlnul 
The method lias also brtn unployi 1 h\ S r»i1 >\ ind Win/ies though 
then ppm itus is much d fT<n nt 

In the evpciiment mintiontd nbovi illt pn ssui * was measured 
manjmeliically, but the piessme may alio la found by d teimumg 
the density of saturated \ipmu. Ini isMunin* that the perfect gd* 
cquitirm holds, we have 



] i 4 Del imillation 
til v ipmir [jr<ssurc by 
si ill il vnflliod 


Thus knowing M 1 p we e n tileulite ij. \ vuv sirnpV appaiatus 
bas‘d on this method was emphned by Tsna ill and Guns A portion 
of the vapour \\as isolited and its dt nsity deteunned 

18. Dynamical or Boiling Point Method.- This method is bused 
an the fact that when n liquid boils, i*-s vupoin pi a ssiiin equals the 
external prcssuie oil the smfiep of V e liquid A definite exter 
nal piessme is appl ed rn the liquid smfut by means of a pump 
end then the liquid Is heated Th * liquid will boil nt the tempenture 

8 
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n'i Which its vapour pressure equals the external pressure, w. t that 
set up by the pump. Hence the vapour pressure corresponding to 
the temperature of ebullition is the pressure exerted by the pump and 
can be read on a manometer. 



Kj.t 5--Itiynault's Vd|Miu Pnwiu Apjinintus (Ihu.ipn.il molliml 

Regnault employed this method lur finding the vapour pressure 
of water between 50° F and 200"(\ IIis apparatus is indicated in 
Fig. 6. The copper Imiler A is partly filled with the experimental 
liquid and contains tour thermometers be immersed to different depths 
inside the vapour and the liquid. The upper pait of the boiler is 
connected by meuns of II to a pump, the pressure being indicated by 
the mercury manometer NM. The reservoir is kept immersed in a 
wat T-bdth W and serves to transmit the pressure irom the boiler to 
the manometer as well as to smooth tlio fluctuations in the pressure 
maintained by the pump. The vapour of the liquid condenses in (/ 
and returns to the boiler, thus the same quantity of liquid is used 
over and over again. First, a definite pressure is established by the 
pump and the boiler heated. In n short time the readings indicated 
by the thermometers b t c t become steady. The manometer indicates 
the vapour pressure corresponding to this temperature. 

The apparatus can be adapted for all prensures. For high pressure* 
all the pafts must be made of copper and the pump must be a force 
pump. The method is capable of great accuracy. By this method 
Holborn and Henning have very accurately determined the vapour 
pressure pf water betwnen 50 and 200°0 (J to 16 atm.). Ramsay and 
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Yuung applied this method to tlio measurement of very small vapour 
pleasures. Their apparatus (Fig. 
tij consists of a wide glass tube 
T to which is connected a resei- 
\mi* It, the latter being connect¬ 
ed to fin air pump and u mano¬ 
meter JVI - Definite pressure is 
set up by the pump and the ex¬ 
pound cut al liquid, stored in F, 
is allowed to drop on the cotton 
wool sumninding the bulb of 

the thermometer. The tube T Kl „. and 

is kept Hiinuunded by a suln- Young's apparatus. 

cJently hot bath so that the ex¬ 
periment til liquid ut once evaporates inside T and the thermometer 
soon reaches a steady tempei uture, the true boiling point of the liquid 
under that pressure. 

Smith and Menzies have devised an uigeninus modification of the 
boiling-point method. Their apparatus is indicated in Fig. 7. The 
suhst nice under investigation is kept in the sphere A close to the bulb 
ni the Ihrmiomder T, both being iimnei^ed in seine liquid contained 
in the test-tube Ji. The tist-tube is closed airtight and communicates 
with a pump and m.iunmetcr (not shown). II is further surrounded 
i y a hath whose teinpei nlure can be varied. A definite pressure is 
lest established by the pump and thp temper si tine of the bath 
gradually raised. When the vapour pressure of 
Bit* substance contained in A becomes equal to the 
external pressure mi the Hir'ace ui the liquid in the 
tube, any further inereasc of temp 'rature increases 
the pressure of the vapour in A which consequent¬ 
ly hubbies through the liquid m the tube. When 
thi^ just happens the piessure recorded by the 
manometer gives the vapour pressure correspond¬ 
ing to the temperature indicated by the thermo¬ 
meter. 

The boiling-point method has also been applied 
to metals by Braun. Zinc or cadmium was 
heated electrically in a quartz or porcelain tube 
and the temperature of the vapour was measured 
by a thermo-couple. 

19. Discussion of Results. —Experiments 

bhow r that the saturated vapour pressure of every 
substance increases as the teinporature is raised. 
p lt ,, 7.—Smith ami Dcncc the vapour pressure must be A function 
Menzies’ App.u«iius. of the temperntuie, viz., p—f(T) where /(T) must 
be of such form that its value increases with the 
temperature T . Various empiriral relationships 
^between p and T havo been proposed from time to time. They hold 
for limited ranges and are by no means quite exact and universal. 
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In 1820 Young proposed a very simple formula 


log V = A + Y, .( 5 ) 

where T is the absolute temperature and -l, Ji are constants 
Kirchhcff in 18,18 and llankine in 1800 proposed quit.? independently 
the formula 

lop p - A + £ \ C log 7. . . (0) 


ThiH fonnula agrees with experimental results very closely and cnn 
also be deduced from theoretical considerations. It is shown in 
Chapter X that 


( 7 ) 


dp Jj_ 

dT="f(r 2 -v[)> ’ * ’ 

where p is the vapour pressure, L the latent heat of vapor’zatiim, T 
the boi ing point and r 3 , r lf the specific \oIumes of the substance 
in the liqu'd and \apour states. Neglecting 71 , in comparison with 
and rep acing v 2 by RT t Mp from the gas wo got 


log p = 


At CUT 
li J T z 


[ i' 


Assuming Jj constant, equation ( 8 ) yields Young’s formula (5). 
however, we assume 1, to vary Jim 1 inly with temperature, i.i. f 


(B) 

if, 


L= Li q — aT, 

equation ( 8 ) yields us fc rnriulu ((i). In order to get the exact value 
of pr ssu:e or esponcling to anv teinpe aluip we must use an accurate 
expression giving the uilue of L as a function of T. 

The abjve holds lor the saturated vapour pressure of a pure liquid : 
when mixtures of two liquids me inv s.igatcd the\ yield interesting 
results. llugnuult as cail\ as IRfel deduced the following laws:—( 1 ) 
lu case ot liquids which do not at all mix the vapour pressure of 
the inixtuie is »*quul to the sum nl the vapour pleasure ot 
the constituents, i•.»/-, wnt’i and benzene- (2) In case thp liquids 
are par l iallv miscible the vapour pressure is less than the sum of - 
the vapour ] ressur s of l l c constituents or pvpii h ss thm th’t of one 
of them, c.'/., water and ether. (3) In case thp liquids ere miscible 
in rill p oportions the vapour pressure may become still less, e.g, 
water and alcohol. 


20. Vapour Pressure over Curved Surfaces. —In the foregoing 
we hive considered the vapour pressure over a flat surface. The 
vapour | ressure over a curved surface is difterent cn account of surface 
tension. Evaporation hom a spherical diop produces a decrease in 
suHtiee urea and hence also in the surface energy due lo surface tension 
and tlicrefoie, it will proceed furtlier than in the case of a flat surface, 
i.f?., the vapour pressure over a convex surface will be greater than 
that over a flat surface. Detailed considerations yield the result 


2 8 M 
" r " pRT* 

where p 0 , p denote the vapour pressure over flat and curved surfaces 




( 9 ) 
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respectively, 8 \h? surface tension, r the radius of curvature of the 
surface (considered positive ior couch, e and mgative for co.ivex) 
and p the density of the liquid. These cons derations huvp important 
consequences m the piec.pitution oi rain and in the phenomenon of 
boiling. Equation (Dj shows that it r is small and n gative, i.a., 
thj surlaco is convex, p may become* veiy large, lit nee, it a liable 
nuclei toi condensation aie absent a high degree oi supu satin ation 
inay he attained snd inspite ol it, no (hops will be lormed. 

LATENT heat of vaporization 

21- In the m nsurement of latent heat ni vaprui/ulion we have 
to remember two points, fiist, that its absolute value is relatively 
high, srccmlly, that the latent heat is utisnihcd or mnlved in im 
iso hernial change of sta'e. The consequence is that its experimental 
(lete.iniuutiou is veiy little affected hy the usual souices oi eiror which 
are present in all calorimetnc measurements. The methods can be 
gioupcd under Unci* Inoad headings: 

(A) Condcnfttitimi Methods.— Those in which the amount of heat 
evo’ved when a certain amount of vapour condenses is measured. 

(15) Kvapoiation Methods.— 'Those in which the amount of heat 
requu d to vapori/e a giviu inass ol the liquid is measured directly. 
The heat is geueinliy added in the form of electrical pne gy and can 
be easi'y det nnined. 

(Cj Indirect Methods. — Those in which the latent heal is cal¬ 
culated with ihe help of some thermo¬ 
dynamical reliitunship such as Clausius- 
rhipeyinn, relation (equa inn 7V From 
111* vapour piessuie curve the qiiriutit\ 
dp/dT is clete* mined and lirnce L 
evaluated frrm (7). We shall now con¬ 
sider the first two methods in greater 
Mail. 

A. Condensation Methods 

22. Berthelot’s Apparatus. —Reg- 
nault’s experiments are rather of histori¬ 
cal interest. We descr.b? below the 
apparatus ol Bcrlhelot (F'lg. 8). In this 
apparatus w r hich is wholly of gliss the 
liquid is kept in the vessel I) and heated 
by the ling burner B. The rest of the 
apparatus is protected by ail insulating 
mantle M. Tlie evaporated gas passes 
Through the t\ bp T into the spiral K 
IjIhcpiI within the pixloiiineter C. The fig. B—Rciihcloi’b Latent 
spiral S is fitted to T by a conical ground lhat AppaiotuB. 

piece and ean be easily removed. The 

vapour condenses within the spiral und gives off its lament heat of 
vaporization to the calorimeter which can be rosily measured by 
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observing the rise of temperature on the thermometer placed inside a 
water jacket. The amount of w ater condensed is obtained by weighing 
the spiral S before and after the experiment. The heat measured 
represents the lieaL of vaporization plus the heat given bv the con¬ 
densed liquid in cooling from the boiling point to the final temperature 
of the calorimeter. The open end of S is connected to a pump to 
regulate the pressure under which the boiling takes place. 

Eriors are likely to arise owing (1) to superheating of the liquid, 
(2) to minute drops of water being carried over by the \apour. As the 
use of a ring burner causes tlie heating to be sometimes irregular, 
Kahlcnbeig replaced the ring burner by a metallic spiral placed inside 
the liquid and heated electrically. 

23. Awbery and Griffiths used a slightly modified apparatus in 
which the usual caloihuetcr was lephieed by n continuous flow calori¬ 
meter. The apparatus is 

BS " ~ shown in Eig 1). The boil- 

kennocoopte mg chamber heated elee 

Inc,dly by an inner coil 
nerhealinf coft The vapour passes doWIl till* 

jtcrhntinicnl ' f ' rtif ' a1 <u,)l ‘ ls 6ur 

‘ rounder] by » jucki'l of viitcT 

_sa|E»o through which a stieain of 

, water flows at a constant 

rate. Tlie temp Tiitures of 
the inflowing and out llnw ing 
Con draw walir are detem ined by iwu 

therino-emiples. There is a 
, third theiino-couph' at the 

> mouth of the vertical tube 

which gi\cs the temperature 
of the condensed liquid as it 
Differential^oupies leaves the apparatus. In 

I this experiment the vapour 

, i must be produced at a steady 

I fl I t jjjj- 1 ‘Me and this is achieved b\ 

I H R the use of electrical lieating 

I i V ' / The latent heat is obtained 

| II j ] Thermoco apto from the formula 

Pig. 9.— Awbery and Griffiths’ Latent + — )]• (^) 

Heat .AppmatuH where B is the excess of 

temperature of the outflow 
water over the inflow w’ater. M is the quantity of water flowing ppr 
unit time, m is the rate at which the liquid is being distilled, t 2 is 
the boiling-point of the liquid, the temperature of the liquid as it 
leaves the apparatus. 

B.. Evaporation Methods 

24, This method was employed by Dietcrici, who zneasuied the 
beat required to evaporate a given mass of water with the help 


'll Thermocouple 


Pig. 9.—Awbery and Griffiths’ 
Heat AppaidluH 
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of a Jfunsen ice-calorimeter. The water was contained in the tube A 
of the iuo-calorimeter (Fig. 3, p. 34) 
and the heat was measured by find¬ 
ing the mass of mercury expelled. 

Griffiths found the eL'ctric.il energy 
required to vaporize a given mass of 
via Lei*. Wo shall describe the appa 
i al us used by Henning for precision 
measurement of the heat of vapori¬ 
sation between 30° and 100°C. 

25. Henning’s Experiments.— 

The apparatus employed by Henning 
is indicated in Fig. 10. O is a 
copper vrssel, one litre in cnpacily, in 
which the liquid is allowed to eva- 
pmtitle. This is surrounded by an 
nil-hath A maintained at a constant 
temperature. The heating lakes place 
through the spiral I) ol constantaii 
wiie wound on a quadrilateral mica 
frame. E is si platinum resistance 
thermometer. The vapour which is 
evolved pusses through the Herman 

silver tubo II dovynwunls through the lo.-Honning’s Latent Heat 

German silver tube KK to the vessel Apparatus. 

T in which it is eondensed and 

weighed. The end of IT is bent downwards so that no liquid drops can 
be curried. The vapour is first led to one of the vessels P, and when 
the conditions heroine steady the stop-cock R is turned so that steam 
is led to the other vessel V. After a sufficient quantity of steam ha's 
lieen led to V the stop-cock IT is turned to the other side. 

Thp quantity of vapour deposited in the second vessel is now 
louml by weighing and the quantity of heat supplied is obtained 
from observations of the electrical measuring apparatus. For deter¬ 
mining the heat of evaporation at lower pressure, V is connected to 
a largo vessel of about litres capacity which is maintained by means 
of a water pump at the required pressure. 

A similar apparatus was employed by Henning for finding the 
heat of vaporization of water up to 180°0 when the pressure reaches 
about 10 atmospheres. Fogler and Podebush used this method for 
dot' irmining the latent heat of evaporation of mereury up to 200°C 

For determining the latent heat of evaporation of substances 
like nitrogen, hydrogen, helium, etc., which become liquid at very 
low temperatures, the above principle has been utilized by Dana and 
Onnes, Simon and Lange and others 
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DISCUSSION OK LATENT IIEAT DATA 


26. Variation of the Latent Heat with Temperature.— Experi¬ 
ments follow Ijiat the la put lieat diminishes ns the lempeiutuie at 
\«liicli boiling taK s pl.iee is luisid This \wis ne ticrd cxm by cn'ly 
lmesLigaloib who pinpi si cl vaucus einpncil lonnulae Ot these 
Tluesen’s tnimii 1 i ennuis tn \ i\r Inn na st satistacuav ami stales 


win re t is the oiitn 



L [jjt 0 I) , - (U) 

d tempi i itme and L, ft constant whidi denotes 
the value il L at t - h — 1. 
This is tl eouise bnsed cm the 
assumption that latent heat 
a anidus at the eiitie il tempeia- 
tme. Ilenning show d that bet¬ 
ween 30° and 100’C the latent 
heal ol \ apoi l/ation ol walei is 
give i hv the iuirnida 

I a IB80 + 03901 (100 -IV 

( 12 ). 

A typienl cuno showing 
the latent he it of cm boil di- 
oxicU at vmious tempi idtuies 
is given in Fig 11 It is rh'ivvn 
liom the icsuHs il s ver 1 m- 


Fig 11—Vdiidtm of L tint XJp.it 
ot CO with nsipiidl i 


vestigAcns and repiesen s m n in 
\j'ucs The fguie shows 
cleailv thnt Hie latent heat 
vanishes at the eiitie il temppiatuip of CO a which is about 31 °C. This 
result is quite mine sal The exact vamtinn nt latent heit heat with 
timpeiatuip fo» fill si Intaneos is given b\ the thermoclynam e fo mula 
dlj Ft L 


rfT“ f 


k:vq)j 


(13) 


wlieie denote the specific* 1 eat of the substance in the gaseous 

ami InjiuJ stalls ipspectivejj and v 2 i» 1# the respective specific 
volumes. 


27. Trouton’s Ru ? e.— As in the ease ot Intent heat of fusion, 
we hnve lieio also an unpoitant general ration known as Trouton J s 
Jtule which states that tin ra'io of the moiai latent hraf of vnnonza- 
twit I't thr boiling point is a conbtant for most substances; or 
mbnlicnlly, 

\n 

, - constant, .... (14) 

J u 

• hue M is the molecular weight nnd T& the boiling point. The 
vnl e oi the cons ant is ab mt 21. The law does not hold lor asso- 
i idled vnpnuis i'lible 3 shows that the law holdB approximately lor 
most mb talipes. 
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Tahiti 3 .—Frustration of Trouton’s Hale. 


Substance 

1 Gram-molecular 
latent heat in 

Boiling 

point 

. T | . ML 
Value of y- 


cnloii s 

MIj 

n 

sxperi mentally 

Helium 

22 

4-29 

5*1 

Hydrogen 

j 

! 204 

100 

X itrogen 

1340 

j 77*3 

17*3 

Oxygen ! 

! 1030 

i 90*1 

10*1 

Hvdiochloric nciil j 

3830 1 

1 188*1 

20*7 

Chlorine 1 

4000 

2395 

19*2 

Pentuna j 

til oo 1 

3090 

19*75 

(’a bon disulphide 

0400 

319*2 

21*0 

Benzene ! 

7330 

353 

20*8 

1 

Aniline 

10000 

4570 

21*9 

Mercury 

14300 

6300 

22*6 

Caesium 

1.0000 

858 

18*2 

Rubidium 

18700 

942 

199 

Sodium 

23800 

3155 

20*2 

Zinc | 

27730 

1100 

23*5 

Lead 1 

46000 

1887 1 

24*4 


It will be f-cin, however, that A fL/Tb is iwi]l) not quite constant 
for all substances. A simple theoietieal discussion shows that it can- 
not be so, tor the boiling point under atmosph tio p essuie is purely 
an irtfuinl print and las no physical signitioa ice. It varies 
ei.ormously with the external pleasure, while the latent heat varies 
nei h r in the same detection nor to the same extent. In the case ot 
water the Trouton quotient at a few temperatures is given in Table 4, 


Table 4 .—Trouton quotient for water al difftrrnt temperaturds. 


Pressure 

B.P. 

latent heat 

| Trouton quotient 

4 0 mm. 

0 D C. 

OOO'.l oal. 

40 

700 

100°0. 

i-351) „ 

25*9 

209C0 „ 

230°C. 

440 „ 

16 


Fr m 'he variation in L and the bo ling point it is evident that 
the Tr uton quotient wiri go on rUcr as’m« as the terapernt re risea 
beet miug ze 1 o ut the critical temperature where the latent heat 
f vanishes. Thus the quotient can huvj nny value fiom 0 to 40 and 
>, appeals to be merely an acrid nt that for most ^ubstanoes boiling 
vnder atmospheric* pressure, the value is about 20. 
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DETERMINATION OF VAPOUR DENSITY 

28. By vapour density we mean the specific gravity of the vapoui 
referred to air or hydrogen as unity. The vapour density can he easily 
found if wo find the volume occupied by a known weight of vapour 
at a certain pressure and temperature. Thus if w grams of tlip 
vapour occupy u' c.c. at. the pressure p and temperature 7\ and p„ 
bo the weight of 1 c.c. of the standard substance (air) at 273° and 
760 mm. then Wio vapour density is given hy 


w T 700 
P o v 27.3 p 


( 15 ) 


The density of the unnaiitraled vapour can be easily and accu 
rately found by any one of the standard methods* viz., of Victor 
Mt'yci, Dumas, Hofmann and others. Hut before 1H60 there was 
no method for directly determining the density of ttaluralrd vapoum 

The methods adopted were Jill indirect in 
which the density of the unsaturat'd 
Mipuur was first determined, and assum¬ 
ing the perfect gas laws to hold up to the 
saturated state, the density of the saturated 
vapour was first, determined, and assum 
is, however, not quite justifiable, lienee 
then * methods can never give accurately 
the density of saturated vapour. Still, 
how ever, they ure frequently used espe¬ 
cially that of Vielor Meyei,' which is of 
considerable practical importance and is 
consequently described below. 

The apparatus (Fig. 12) consists ol a 
cylindrical bull) J5 with a long narrow stem, 
near the top of which there is a side-tube 
The lower part of the tube is surrounded 
hy u suitable temperature bath which is 
kept replenished hy a suitable liquid bnij 
uig at some pressure in A. Air inside thu 
tube gets heated and is expelled at. the 
*Kig. !2.—Victor Mrjcr’a top; after u time, however, a steady state 
Vapour Density Apparatus. is attained when no more air escapes. The 
substance whose vapour density is in be 
determined is enclosed in a thin-walled stoppered bottle and placed 
inside flic tube. By manipulating a it is allowed to drop gently in H. 
The bottle breaks,' the liquid vaporizes and thereby displaces an 
equal volume of air which escapes at the side-tube and is collected 
In tho tube /. Knovfriug the mass of this air, the density of the 
yapour of the substimco is obtained by dividing the mass of the liquid 
taken by the mass of displaced air. 



* Full details of these methods -will be found in any text-book on Fhysitai 
Chemistry. 
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Nernst has modified iht* apparatus and could thereby measure the 
vapour density of KOI and NaCl up to 2000°C while Warteoberg 
found the vapour density of several metals up to 2000°C. For a 
description see Arndt Phyaikaliftrh-chcmisrhr, Technik , Chnp. IX. 

29. Accurate determination of the Density of Saturated Vapour,— 

In 1800 Fairbairn and Tate devised an apparatus by means of which 
they measured the density of saturated vapour directly. Fig. 13 
explains the principle of their apparatus. A is a spherical glass bulb 
whose narrow stein dips into mercury contained in I lie outer wider 
glass tube. The latter communicates svi*h the metal reservoir B. 
Both A and B contain some water above the mercury 
levels, the latter eoutaiomg a larger quantity than 
the former. All air is expelled irom the apparatus 
and then both the vessels are surrounded by a bath 
whose temperature is gradually raised. The levels Ip] 1 

of the mercury in the two vessels leinain constant, vJ hf 

tliat in A being always higher than m B due to the ] do 

excess of water in B. This is so as long us there is rj 1 

any liquid water in A. But as soon as the liquid 111 ] -a. 

in A disappears, the level uf mercury in A suddenly in'”* 

rises. This is because the saturated vapour pressure IH 

increases much faster than the pressure of un- III 

hutnrated vapour obeying Boyle's law. The tem- III 

porature at which this sudden rise of mercury column III 

in A appears is noted. At this temperature the Ul 

vessel A becomes filled with satuiated vapour whose oH|| 

pressure may be found bi means of a gauge con- HP 

nectcd to B. Knowing the mass of water in A and* j» ig i 3 __y a ir 
the volume of the enclosed space, the density oi the boirn and Tates 
vapour at the particular temperature and pressure apparatus, 
can be calculated. 

Somewhat later Peiot attempted to isolate a portion of the 
saturated vapour and to weigh it. This could be very conveniently 
done by isolating the vapour by means of a stop-cock and getting 
it absorbed in dry calcium chloride and weighing the latter. K. Onnes 
employed another simple metluxl. In a gi actuated vacuous tube 
different masses of the liquid are introduc'd and the volumes of the 
vapour and the liquid observed. Thus if m und m' grams of the 
substance are introduced and the volumes occupied by the gas and 
the liquid arc v 1 and v a in the first case, and «/, v 2 ' in the second 
case, and p g , pj represent the densities of the gas and the liquid, we 
have 

m ““ *i Pg + 15 aft. «■'=*! 'Pg+ v *Pl* 


whence 
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CHARIER, VI 


PRODUCTION OF LOW TEMPERATURES 

1. Introduction.--]]) tin* ear'y davs nf tlio ^ludv ol Heat there 
seems to havj been a \\ idesjnend belief that nothing could be colder 
than ice. r lhis punt was, theiefore, chosen hi all larlici systems uf 
lempoirttur» mens' irement as the zero (staling point) of the scale. 
But Fahrenheit showed that it tlip mot iv Ihcininmcter was placed 
in a mixture of ire and r mmnn silt the thiead ol mereiiiy went down 
much hjvvor. Fahrenheit chose the lowest pn.nt reached in this way 
(~H°C) as his zeio, but we now r know that halnenlnit s zero is not 
the lowest temperature chtainab’e. The srudy of the laws ol perfect 
g ses te Is us that wo cut, at least th -weuetiLK , p oceed on the r*en 
tignide sc le 27ft degrees below the me ting point ot ice and that this 
is th*- lowest temperature conceivable. This is taken ns the zero 
of the absolute temperature sc d \ In this chapter we sh ill discuss 
the puneiples and conti ivances by which tlie regitn Jiom 0°C to 
absolute zero can be reiched. 

PRINCIPLES USED IN PEER I DERATION 

2. For reaching low temperat’les we have to utilize pioc^sses 
by which a body can be depnved oi ils total boat content. The follow¬ 
ing methods may be emp’oved to achieve this end: — 

0) Py adding a salt to ice. 

(it) By boiling a liquid under reduced pr ssuic. 

(lit) By the adiabatic expansion of a gas dmn* external woik 
( u' By utiM/mg the crrdmg due to Jnule-Thnmsun off ct. 

(w) By utilizing the cooling due to Peltier pffcct. 

(t?i) By utilizing thp heat of ndsoiption. 

(mi) By the process of adiabatic demagnetisation. 

A geueral tlico y of ipfr geration will be given later in Chap. IX; 
here we shall simply discuss the principles and contrivances for 
utilizing them. 


(t) Adding a Salt to Ice 

3 . Low temperatures may be attained by adding a salt to 
ire . This is the same process which was employed bv Fahrenheit. 
The cause of this lowering of temperature is easily understood. 
Pieces of ice have generally some water adhuing to them, and 
if salt be added to this ice, it is dissolved by the water and 
mo e ice mo’ts. The necessary heat for this process, mV, the heat 
of solution and the latent h ’at requhed to melt the ice, is extracted 
from the mixture itself whose temperature consequently falls down. 
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This is the principle of freezing mixtures. This process, however, 
cannot go on indefinitely. Fig. 1 
shows the freezing curves ob¬ 
tained with ammonium chloride, 
th-‘ ordinate representing tem- 
pernturn in “C 1 and abscissa, the 
concentration uf the salt. When 
the salt is added to ice the tem¬ 
perature of the mixture changes 
as represented by the line AB till 
the eutectic tcmperalure of 
- 15'8°C is leached. Tempera¬ 
tures lower than this cannot be 
obtained in this way for when 
rnorj salt is added it. no longer 
goes into solution. The curve 
AB represents equilibrium bet¬ 
ween solution anil ice while CB 
represents equilibrium between 
salt and solution and B denotes Lhe ci/frrfic mixture w r ith a 

fixed eemposit on aud fixed tern* 
peratur\ 

In Table 1 the ecmposiUon 
of the euteelic mixture and the 
corresponding eutectic or cryohy- 
dne t'rnperaturPR aie given for a 
number of comm mer suits. Gene¬ 
rally hydrated sa.ts are employed 
and in that ens • the Cirrespond- 
ing quantify of t^e hydrated salt 
shouhl be obtained by calculation. 
These euteet'c tempera'ures lepve- 
sent th” lowest temperature that 
is possible to attain with that 
freezing mixture. 


fn) Boiling a Liquid Under Hedijuld Pukssuius 

4. Low temperature may also be attained by allowing a liquid 
t:» boil under reduced pressuie. When a liquid evnporntes it requires 
boat for conversion from the liquid to the gaseous state (latent heat 
ut vaporization). Thus one gram of water at lOl)°C requires f)30 
cal n ries for complete evaporation. If such liquid be forced by some 
contrivance to evaporate* rapidly and if this liquid be isolated, this 
is supplied at the expense of its total heat content and intense cool 
mg may be produced. 

The oldest contrivance for utilising this process is the cryo- 
phorus indicated in Fig. 2, p. 126. Thp bulb B contains water or soma 
more volatile liquid and the rest of (he space is filled with the vapour of 


Tabic 1 .—Freezing Mixtures. 



Anhydrous 

MiihiiiL 

Salt 

hjU |,i*r IjO | 

iiMippia 


m .uns of Hu* 

lure. 


nuMuie | 


JVlgSO t 

iy 7 i 

—,19° 

Znt>0 4 

27 2 : 

1 —05 

KC1 

19 7 | 

-jri 

Nll 4 0l 

IH’O , 

—158 

Nil^NO, 

412 ! 

! —174 

NaNOj 

07 

, —18-5 

NaCl 

224 i 

—21-2 

MgCl a 

21 0 

-330 

Co Cl, 

29'H j 

1 — 55 

KOU 

31T) 1 

1 —03 


20 

15 

10 

5 

0 

5 

10 

15 

20 

^5 



r 

Solution 

/ 

A 

/ 


/Solid . 


/NH.CI+ 


'Solution ’ 

lce+ Bi 

NH.C1+ 

eutectic j 

* 

eutectic 

0 5 10 15 20 

25 30 


Fi£. 1.—NH J fM and wofnr 
Byblem. 
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th.B same liquid. When A is immersed in ice the vapour in it con¬ 
denses and the pressure of the vapour in B becomes >u much lowered 

that the liquid in B boils. The latent 
heat necessary for this purpose is ex¬ 
tracted from the rest of the liquid 
which consequently freezes. 

Now-u-days this principle is em¬ 
ployed in a large number of refrigeiat- 
mg machines both for industrial and 
domestic work. Water, however, is not 
a suitable liquid to use tor though it has 
a large latent heat ot evaporation, the 
vapour pressure at low tempeiatures 
is small. The liquids commonly employed are ammonia, sulphur 
dioxide, etc.' Two types of such machines arc in use:—(1) Vapour 
compression machines, (2) Vapour absorption machines. The vapour 
compression machines are more efficient, particularly lor large plants, 
and require less initial cost; consequently, their use is more common 
than that of the other. The only essential difference between these 
two tjpes of machines consists in the manner of compiessing the 
low pressure vapour, in the former a motor compressor is used while 
ii» the latter a dilute aqueous solution at ordinary t -mp era lures is 
employed to dissolve the low pressiue vapour and the cmicentiated 
solution is heated in a generator to expel the "as at high pressuie. 
We shall now describe these machines in gieater detail. 

5. Vapour Compression Machine. —J r ig. - f ] show-, the essen¬ 
tial parts of a vapour compression machine. Then aie three piin- 



^ — V 



Fur. 2.—The Cryophorus 


Fig. 3—Essential parts of a Vapour Compression Marhmo. 

cipal parts—the compressor P, the condenser C and the refrigerator 
or evaporator R, The cylinder of the compressor has two valves, 
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ft uud f), the former for the suction of the low pressure vapour from 
tlio cvapoiator and the latter lor the discharge oh the compressed 
vapour to the condenser. When the piston p movos upwards the 
pi assure in the cylinder falls below the pressure in tlio cvapouiUH* 
and hence the low pressure vapour is sucked in through $ and the 
section pipe. During the downward stroke the vapour is compressed 
and then delivered to the condenser C through the discharge valve 
1) and the discharge pipe. The condenser is cooled by cold water 
circulating in the outer chamber. On account oi the low tempera- 
tuic and high pressure the vapour liquefies in G. This liquid passe? 
thiOLigh the expansion valve or the ieguiutmg;valve V which is simply 
a thrubtling vaivo to reduce the pressure ot the liquid iioin the high 
presume prevailing in tlie condenser to the low pressure in the 
<nap ura„or. Due to the low presume the liquid boils thereby extract¬ 
ing its latent heat liom the cold storage space surrounding the 
evaporator. This spuoe is omscqu.ntJy cooled. Jn some cases the 
evapuiabor is sunounded by brine water kept in circulation. The 
brine water thus becomes cooird and is taken elsewhere loi refrigerat¬ 
ing puiposes. The low pressure vapour is sucked in by the couf- 
pressor and the cycle ol opera Lions continues. 

Ju the diagram uiili}dious ammonia is supposed to be utilised as 
the jelligeiunt. 1 lie pirssiiKS and temperatures oi ammonia ill 
dm ere,u l pints oi the upjmiutus me appiexiiriately as indicated in the 
ligur.. 

A complete vapour compressii/n machine is uliown in Fig. 4 
which, luwevei, utilises sulphur dioxide as the refrigerunt. Vapour 
eumpression machines aie now extensiveJy employed in ice-making, 
ni preserving meat and oilier loodstufls and ira* various other indus¬ 
trial purposes. 

6. Refrigerants.— Various liquids have been used as refrigerants, 
the important ones being ammonia, sulphur dioxide, ethyl chloride 
and nielli} 1 chloride. Of these ammonia is most commonly used in 
laige refrigerating plants, while sulphur dioxide is employed in many 
household plants. There are vaiious criteria for selecting a suitable 
refrigerant: (1) The latent heat of the refrigerant should be large 
so that the minimum amount of liquid may produce the desired 
iefi igeratmg offset. (2) The refrigerant must be a vapour at ordinary 
lepnpcrdtuies and pressures but should be easily liquefied when enm- 
piossed and cooled. Generally a temperature ol about j°l* (some¬ 
what below ice-point) is required in the evaporator coils and about 
fi6°F (about room temperature) in the condenser coils. (3) The pres¬ 
sure of the vapour of the refrigerant in the evaporator coil must be 
greater thnn the atmospheric pressure so that atmospheric impurities 
may not be sucked inside and later block the valves. With cooling 
water at room temperature surrounding the condenser the pressure 
necessary to liquefy the gas in the condenser should not be too large 
otherwise the compressor and the cylinder will have to be made very 
< stout and consequently costly and there will be much leakage of the 
vapour into the atmosphere. (4) The specific volume of ■ the vapour 
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of the refrigerant should not be laige otherwise a very large compressor 
will be necessary. 

Thj important properties of some common refrigeiants are given 
in Table 2. From this table it is evident tmit ammoam is 
the most suitable refrigerant. One pound of ammonia wid produce 
the same amount ot rcii iteration as 8-75 pounds of cm bon diox.de 
while the pressure in the condenbcr in cjsg ni cm bon dioxide is about 
6 times greater than in the case of ammonia. In the matter of 
Specific volume, however, carbon dioxide possesses an advantage, 
fijphur dioxide requires a less stout ccmpressor nml condenser than 
ammonia but tor the same refrigerating effect the e nnpressor has to 
be made large. 

Table 2.- Characteristics of refrigerants* 

| Ammonia Sulphur Cmlnn Methyl I Freon 
1 I dioxide dioxide chloride CC1 2 F : 


1. Boiling point in °F j 


at atm. p esBUre, . 

—290 

140 

- IOS’4 -10-6 j 

,-21-7 

2. Latent heat of eva¬ 
poration at f>°F in 
B.t.u. per pound i 

50, 1 5 0 

17jG 

i 

1147 

178 r, 

G9-5 

fj. Refrigerating effect I 

in B.t.u per Jh. . 

474-45 

i 

i 14137 1 

50-09 ' 

148 7 

51 07 

4. Vapour pressure at 

6"F in rb/in-. 

' 34-27 

! 

1181 ' 

1 

334-4 | 

2U 80 

29*51 

5. Vapour pressuie at 
86°F in lb/in* 

1 

| 109-2 

1 

0045 

i 1 

10390 i 

1 

93-50 

107-9 

6. Specific volume oi 
vapour in evaporator 
in cu. ft. per lb. 

1 

1 l 

| 

J 8-150 

G'421 

i 

02071 

| 

4-52!) 

1-485 

7. Horse-power tor u 
refrigerating effect oi 
200 B.t.u. per m'n. 

1 

1 

1 

I 009 

0-99 

1 

1 

1-87 ] 

TOO 

0-097 


This method may bp employed to obtain extremely low tem¬ 
perature*-' liv ns'ng liquid htdregon and helium. These liquiIs are 
ri oted to boil under reduced pressure when tempTatures lov than 
their normal boiling pninLs are reached. 

*A number of new refriprints have been mfrMuced diiib'g th" Wi 
twenty yuir*. Among these are Freon or dirhlnrnd ; f1iioro’’ , pth'ine fOn.F,). 
CarreHe (OH 01,), tric*hloro-raonofluoro-rreth'’no (CFC1 ), riirbloro-tetraflnoro- 
ethano (P Cl.F,) etc. Of tliPhe Frecm is the one most conv^onlv rsel For an 
account of the properties of these refrierranti pe« Befri/fnafintf Data Boole 
(1943-44) published by American Society of Refrigerating Engineers, New York. 
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•< 7* Friddaiie. —Mg. 4 shows a modem electric refrigerator 
known as the Frigidaire, working automatically on the vapour com¬ 
pression principle Here liquid sulphur dioxide is used as the re* 
frigor&nt. The part above the dotted line is the cold storage space. 



Fig. 4.—Frigidmre 


The refrigerator coil B contains liquid sulphur dioxide which extracts 
heat from the surrounding space and evaporates and the low pressure 
vapour collects at the top. This vapour communicates with the 
suction pipe S and the crank case K to the motor switch W. When 
enough gas has collected in the top of B it exerts a large 
pressure which is transmitted through S and K thereby operating' 
the switch W. This starts the motor and the latter works the coin* 
j pressor P, as a result of which, the low pressure vapour is sucked 
in through 6 to the crank case and compressed by the piston and 
delivered to the condenser C. The condenser is cooled by a current 
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of air forced across it by the fan mounted on the motor M but in 
some cases the cooling is brought about by the flywheel itself whose 
spokes are shaped like the blades oi a fan. The high pressure sul¬ 
phur dioxide vapour on bping thus cooled liquefies and collects in the 
reservoir T. From here on account oi the high pressure the liquid 
is forced up through the liquid pipe L and enters ft through the 
needle-valve N. When enough liquid has collected in R the float 
valve V rises and closes the needle valve N. Thus the machine 
works only when the gas pressure in ft becomes large and liquid is 
transferred from the storage tank T to ft only when the quantity of 
liquid in ft becomes less and the float valve has sunk so as to open 
the needle valve N. 

J8. Ammonia Absorption Machine. —As already stated the 

absorption machines differ from 
the vapour compression ma¬ 
chines only in the manner 
oi converting the low pres¬ 
sure vapour into high pres¬ 
sure vapour. Ammonia is 
the most suitable refrigerant 
lor use m absorption ma¬ 
chines, and water is a very 
I suitable absorber. Water at 
55 °F absorbs about one thou¬ 
sand times its volume of 
Fi£. 5.—Ammonia Absorption Machine, x* ammonia vapour but when 
the aqua ammonia solution is heated to 8(>°F ammonia vapour 
freely escapes from the solution. 

The working of an ammonia absorption machine will be easily 
understood from Fig. 5. The generator A contains a strong solution 
nf ammonia gus in w r atcr and is heated by a burner as shown in the 
figure or by means of pipes carrying steam. Ammonia gas is expelled 
from the solution and passes into the coils immersed in the con- * 
denser ft through which cold water continuously flows. The gas 
umdeuM's there under its own pressure into liquid ammonia. The 
liquid ammonia thus tnrmed passes through a narrow regulating valve 
'V to the spiral immersed in the refrigerator C, where on account of 
"the low pressure it evaporates. The valve is adjusted to maintain 
the desired difference oi pressure on the two sides Through the 
■refrigerator flows a stream of brine water which becomes cooled by 
the evaporation of ammouia. The cool brine solution may be taken 
to any place for refrigerating purposes. 

The ammonia gas formed in the coils in C is absorbed by water 
qt dilute ammonia solution contained in the absorber D and thus 
the pressure is kept low. The solution in D becomes concentrated 
and is transferred by the pump P to the generator at the top. Thus 
the supply of concentrated ammonia solution is kept up. Dilute * 

: ammonia from 1 the bottom of the generator may be run to the ab- 
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sorber and concentrated. Thus the cycle is repeated and the action 
is quite continuous. 

The difficulties of this machine are that it has a low efficiency 
and the pressures are widely different in the condenser and the 
evaporator. The low efficiency is due to the circumstance that the 
heat absorbed by the ammonia in the generator is much larger than 
the heat absorbed by it in the evaporator coils. Further the 
machine has a moving part in the pump needed to transfer the 
liquid to the generator, and is costly. All theBe difficulties are 
avoided in a clever invention by two Swedish engineers, von Platen 
and Munters, which is placed in the market under the name Elec* 
trulux Refrigerator. In this Dalton's law of partial pressures is used 
ti make the total pressure in the condenser and the evaporator 
equal, maintaining at the some time a difference in partial presBureB 
ol ammonia in the two chambers; this is accomplished by using an 
inert gas like hydrogen at a pressure of 9 atmos., the partial pres¬ 
sure ot ammonia being 3 atmos. in the evaporator and the absorber, 
and ammonia liquefies in the condenser at the pressure of 12 atmos. 
Concentrated ammonia solution is forced up into the generator by 
heat and not by a pump. 

(iii) Adiabatic expansion ok Compheh&kd Gases 

9. Cooling produced by the midden Adiabatic Expansion 
of compressed gases. —If a highly compressed gas be suddenly 
allowed to expand adiubatically, it cools very considerably on account 
ol the work it does in expanding. The cooling may be so great that 
the gas may even solidify. 

An example which is easily available in a big town is afforded 
bj cylinders containing carbon dioxide. If such a cylinder be sud¬ 
denly opened and a piece of cloth held before it, the issuing gas is 
deposited in the form of fine snow (called dry snow commercially). 

This principle was utilised by (Jailletct who first liquefied oxygen 
in 1877. ITc compressed oxygen to a pleasure of 300 atmospheres in a 
strong capillary tube cooled to - 29°C by liquid Rulphur dioxide boiling 
under reduced pressure and then suddenly released the pressure. A 
mist of liquid oxygen was formed which disappeared in a few seconds. 
Pictet compressed oxygen to a pressure uf 500 utm. and cooled it to 
about — 130°C by liquid carbon dioxide evaporating under reduced 
pressure. Then he suddenly released the pressure. Oxygen in the 
form of a white solid was thereby obtained. In 1884 Wroblewski 
obtained a mist of hydrogen while in 1893 Olszewski obtained liquid 
hydrogen in sufficient quantities, by cooling compressed hydrogen with 
liquid oxygen and then suddenly releasing the pressure. Simon in 
1938 produced appreciable quantities of liquid helium by sudden adia¬ 
batic expansion of the compressed gas which had been precooled by 
solid hydrogen evaporating at reduced pressure. 

The process is, however, essentially discontinuous, hence for 
commercial purposes it was almost discarded; but a novel way of utiliz- 
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ing the principle has been invented by Claude and Heylandt for 
liquefying air (see sec. 22). 

We have described above two types of refrigerating machines. 
There is a third type also which is sometimes employed. This may be 
called the air compression machine because air is here used as the 
refrigerant. In this air is first compressed in a compressor, the heat 
of compression is then removed by passing the gas thiough coils kept 
cool by cold circulating water. This cool compressed air then Buffers 
adiabatic expansion in the expansion cylinder and becomes considerably 
cooled. This cold air then traverses the cold storage space and thus 
gets heated and is again compressed. Thus the cycle continues. This 
is the principle of the J3ell-Coleman refrigerator largely used for the 
refrigeration of cold storagB chambers in shipB. 

(io) Cooling due to Peltier Effect 

10 - It is well known that when an electric current Aowb in a 
circuit from bismuth to antimony through a junction, this junction is 
cooled. This is known as the Peltier effect and may be utilized in 
producing cooling. This cooling is rather small though semi-conductor 
thermo-junctions have recently produced much more cooling t and have 
been employed in some refrigerators. 

(v) Cooling by Joule-Thomhon Expansion 

11, This method is of considerable importance and will be coo 
sidered in detail later in this chapter. 

(ui) Cooling Due to Desorption 

12. Charcoal absorbs a number of gases which are released on 
lowering the pressure, and when these gases escape, a cooling results 
in a manner somewhat analogous to the case of evaporation of liquids. 
This is called the “Desorption method” and was utilised b> 
Simon. lu an experiment charcoal adsorbed helium gas at 5 atm. 
and 10°K and subsequent desorption to OT mm. pressure lowered the 
temperature to 4°K which is sufficient to liquefy helium. 


LIQUEFACTION OF OASES 

13- Liquefaction by application of pressure and low temperature. 

-—Substances, which are gaseous at ordinary temperatures may be 
converted to the liquid state if they are sufficiently cooled, and simul¬ 
taneously a large pressure be applied to the mass. When pressure 
it-' applied the molecules come closer together, and if heat 
motion be sufficiently small, they may coalesce and form a 
liquid mass. If the liquid so cooled be allowed further to evaporate 
rapidly, still lower temperatures may he obtained. The production 
of extremely low temperatures is thus intimately connected with the 
problem of liquefaction of such gases which ordinarily show themselves 
to be very refractory. 
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The earliest scientist to try this effect of combined cooling and 
compression was Faraday* who, as early as 1828, employed the 
apparatus shown in Fig. 6 
for liquefying chlorine. One 
end of the bent glass tube 
contains the substance from 
which chlorine is liberated 
by heat while the other end 
is immersed in a freezing 
mixture. Gaseous chlorine 
collects in the other pnd 
and linaliy liquefies under 
its own pressure. By app¬ 
lying this process Faraday 
and others succeeded in 
liquefying a large numbei 
of gases but some viz ., 
oxygen, nitrogen, hydro¬ 
gen, carbon monoxide and 
methane baffled all at¬ 
tempts at liquefaction, 
though sometimes enor¬ 
mous pressures up to 3000 

atm. were used. They were, therefore, termed permanent gaseB.. 

Diftrovrry of Ihv Cntiral Point — The causes oi these failures be¬ 
came apparent with Andrews* discovery of the critical temperature 
in 1863. This subject has already been treated in Chapter IV. 
Andrews' experiments first elearlj showed the importance of the 
critical phenomena. They established clearly that for every substance, 
which usually occurs in the gaseous form, there exists a temperature 
lhove which it cannoi be liquefied, however, lii^h may be the pressure 
to which it is subjected Hence, in order to liquefy a gas by this 
method it must be prc-cooled below its critical temperature 

The determination of the critical point (p. 100) is not. how¬ 
ever, easy. The early workers did not, in fact, wait for its deter¬ 
mination Thej cooled the guses by ordinary methods as much as 
they could, and then applied high pressures. 



Fig. 6—Faraday’s Apparatus for Liquefaction 
of Chlorine. 


14, The principal methods of liquefying an* and other gases are 
the following:—(1) Pictet's cascade method which utilises a series 
of liquids with successively lower boiling points but the principle is 
the same as explained above; (2) the Linde and Hampson's methods ^ 
employing the Joule-Thomson effect; (3) the Claude and Heyl&ndt 
methods which utilise the cooling produced when a gas expands doing 
external work. We shall now consider these methods in greater 


* Michael Faraday (1791-1867), the “prince of experimenters,” wa t> bom of 
humble parents in London. At thB age of thirteen he became errand boy to a 
bookseller but later on in 1813 he got employment under Sir Humphrey Davy at 
the Royal Institution where he carried on his scientific work and finally succeeded 
Davy in 1827 as Director of the Royal Institution. His greatest work it the dis¬ 
covery of electromagnetic induction in 1831. 




PRODUCTION OF LOW TEMPERATURES 


134 


[CHAP. 


detail. 01 these the first is historically the oldest and theoretically 
the most efficient but is somewhat cumbersome and is very little used 
at present. 

IS The Principle of Cascades or Series Refrigeration. —The 

method was first employed by R. Pictet in 1878. In principle it 
may be described as a number of compression machines in series. 
Pictet employed machines containing sulphur dioxide and carbon 
dioxide and obtained temporarily a jet of liquid oxygon by allowing 
compressed oxygon to expand adiabatically. Wroblewski and 
Olszewski at Cracow obtained sufficient quantities of liquid oxygen, 
nitrogen and carbon monoxide by the cascade method and determined 
their properties. Olszewski used ethylene as another intermediary 
below carbon dioxide and could thereby cool those gaBes below their 
critical temperature. Kamorlingh Onnes later employed the combina¬ 
tion of methyl chloride and ethylene for liquefying oxygen. The 
principle of the method is illustrated in Pig. 7. Machine (1) utilizes 
methyl chloride. This has got a critical temperature of 143°C and 
hence at room temperature it can be easily liquefied by the pressure 
of a fpw atmospheres only. Water at room temperature flows iu the 


Water 



Fig. 7.—Illustration of the Method of Cascades. 


jacket in (1). Liquid CH S C1 falls into the jacket in (2) which is 
connected to the suction side of the compression pump. Thus the 
liquid evaporates under reduced pressure and its temperature falls to 
about — 90°C. The compressor returns compressed GIF,Cl gas through 
the tube inside jacket (1), which is shown straight but is really in 
the form of spirals. 

Inside the jacket (2) is placed the condenser coil through which 
ethylene passes from the compressor or the gas cylinder. It liquefies 
and then enters the jacket (8). There it evaporates under reduced 
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pressure and lowers the temperature to about —160 8 0. Through the 
tube inside jacket (8) oxygen from a cylinder passes Bad liquefies 
under pressure. Liquid oxygen is collected in the Dewiir flask D. 
The lowest temperature obtained by boiling oxygen under reduced 
pressure is — 218°0 which is higher than the critical temperatures ol 
neon ( — 2287), hydrogen (-240°C) and helium, lionce the method 
oi cascades failed to liquefy these three gases. 

The method of cascades is very useful for laboratory purposes* 
The use of the compressor cun be entirely dispensed with by the use 
of suitable liquids boiling under atmospheric or reduced pressure. 
The suitable liquids can be selected from Table 8 which gives the 
normal boiling point, the critical temperature and the triple point for 
the common gases. The interval between the critical temperatuxp 
and the triple point represents the range in which the liquid is avail' 
able. Still lower temperatures can be obtained by further reducing 
the pressure over the liquid when it solidifies. Thus, using solid 
nitrogen and a good pump a temperature of about — 224°C can b8- 
obtained which is still above the critical temperature of neon and it 
is not possible to bridge the gaps between nitrogen and neon and! 
between hydrogen and helium in this way. 

Table 8.— Critical temperature, normal boiling point 
and triple point of gases 


Substance 


B. P. at 1 atm. 

^ Critical tem- 

Triple point 



pressure 

peratui e 


Methyl chloride 


-24 00°C 

143-3° e 

—102-9°0 

Sulphur dioxide 


-101 

157 


Ammonia 


— 38'3i3 

1319 

-77-7 

Carbon dioxide 


-786 

810 

-566 

Nitric oxide 


-89*8 

30*50 

-302*3 

Ethylene 


-108 72 

t 9*50 

-169 

Methane 


-101-37 

-8285 

-18315 

Carbon monoxide 


-1900 

-138 7 


Oxygen 


-182-95 

-UB-82 1 

-218-4 

Nitrogen 

* 

-19578 

-14713 | 

-209 B6 

Neon 


-245*92 

-228-71 

-248-67 

Hydrogen 

* 

—252-70 

-239 91 i 

-259 14 

Helium 

• 

-208*83 

-207 84 



16. Production of Low Temperatures by utilizing the Jonh* 
Thomson Meet. —As the above method is not capable of liquefying 
hydrogen and helium, another process began to be utilized from 1898. 
l%u& is the Joule-Thomson effect discovered in 1852. A full mathe- 
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matical analysis of the phenomenon is postponed to Chapter X. 
We shall describe the phenomenon here. 

We have already described Joule’s experiment (p. 47) which 
"■bowed that for permanent gases the internal energy does not depend 

upon volume, i.p., (—\ =0. This is called Joule’s law or Mayer’s 

\dV/T 

hypothesis and is the characteristic property of a perfect gas (for 
perfect monatomic gases U = $NkT per mol.). But this is not strictly 
true for the actual gases of nature; they all show deviations from the 
■tatc of perfectness and hence for them V is not independent of 
volume. A slight change in the temperature of the gas should occur 
in Joule's experiment, but since the capacity for heat of the contained 
mi r is negligible as compared to the heat capacity of the surrounding 
water, no change in temperature could be observed. In 1B52 Lord 
Kelvin, in collaboration with Joule, devised a modification of Joule’s 
experiment in which very small changes in temperature produced by 
expansion could be easily measured. This is called the "Porous plug" 
experiment and provides an unfailing test of Maker's hypothesis. 
With its help we can easily find how far a gas deviates from the state 
o l being perfect. Before proceeding to describe this experiment we 
■hall discuss the theory underlying it. 

27. Elementary Theory of the Porous Plug Experiment —In this 

experiment a highly compressed gas is beiug continuously forced at 
a constant pressure through a constricted nozzle or porous plug. The 
plug, as its name implies, consists simply of a porous materia), say, 
cotton-wool, silk, etc. having a number of line holes or pores and is 
thus equivalent to a number of narrow orifices in parallel. The gas 
during its passage through the pores becomes throttled or wire-drawn, 
viz., molecules of the gas aro drawn further apart from one another 
doing internal work against molecular attractions. This is always the 
case whenever a fluid has to escape through a partly obstructed 
passage. On either side of the plug constant pressures are maintained, 
the pressure on the side from which the gas flows being much greater 
than on the other side since the plug oners great resistance to the 
flow of the gas. This expansion is of a character essentially different 
from Joule’s expansion. In Joule expansion, the* gas expanded with¬ 
out doing any external work. Here it expands against a constant 
external pressure and hence it has to do external work also, together 
with any internal work, while some work is done on the gas as well. 
Tlie plug is surrounded by a non-conducting jacket so that the process 
is adiabatic in the sense that no heat enters or leaves the system. 
For such processes we now proceed to show that the total hept function 
fc=n + pT> remains constant'^) 

To prove thiB theorem, let us consider a mass of the fluid 
traversing the porous plug 0 from loft to right as indicated in Fig. 8. 
Let p Kt t? A , i «a and p B . T b , % be the pressure, volume, 
temperature and internal energy of one gram of the fluid before and 
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sfter traversing the orifice respectively. Suppose that one gram of 
the gas is contained between the porous plug and some point 
M qb the left and also between 

tho plug and some point N on the _ m J f q L 

right. Jfor visualising the process ' " U k4fej " 

we may assume on imaginary ft fej|B 

piston A at M separating this ■■■ - ma 

quantity of the gas, and that the jgj* 

flow of the gas » caused by the mjB * b 

forward motion of the piston A. (a) 

Actually, however, the rest of the 
gas exerts a pressure Pa at M 

which is maintained by the Bource o L Iff n 

of supply. The gns alter travers- (J H 

ing tile plug pushes forward the A |^{ Jpjj |b 

imaginary piston R whose motion — ■■ ■ B g? SaN 

ir opposed by the pressure p B of Itac 5*7 

the gas to the right of 11. The __ A a 8 

initial and final states are shown (£) 

respectively at (a) and (b) in the „ B ^ „ 

iifTUTP, ll.e initinl volume- of the *'*' * 

gas being equal to ML and the 
final volume equal to ON 

The gas during its paRsage through the orifices in the plug has 
lu nu'rcomn friction, viscosity, etc., and hence loses energy. The 
'leaping gas issues in the form of eddies ^nd its temperature falls 
' ensiderubiy just at the jet (and Lhis effect is spurious) because Bomo 
tl crxnal eneigy is now converted to the energy of mass motion. The 
■Edicts, houc\er, subside after traversing a short distance and the 
temperature consequently rises. Let us consider only the steady 
flow before and after transmission through the orifice, t.fi., at points 
fa> rrmovod from the plug where eddies are not present. We assume 
that the gas moves very slowly wo that the energy of mass motion 
■S very small and negligible in comparison to tho energy of thermal 
motions. Now our initial system is ML and the final system is ON. 
But the plug OL is initially and finally in the same state; hence 
the change simply consists in a change from MO to LN. If in 
addition, the tube ih surrounded by a non-conducting material, no 
heat is supplied to or withdrawn from the system. Some work is, 
however, done by the external force h on the slowly moving system. 
The force acting at A ir equal to Pa x $ where S is the cross-sectional 
area of the cylinder. The work done by this force upon the gas 
is -xS xMO=paUa. Similarly, the work done by the gas in forcing 
the piston B ir Pb^b Therefore, tho net work done by the gas is 
Pb^e-Pa »a • and from the tivst law of thermodynamics, since 
A*? “ 0, the work done by the system is equal to the decrease in 
its internal energy, viz., 

( UA-u h =p B v B -p A v A • • * ( 1 ) 

'Wa+Pa® a=ub+Pb ®b (?) 

Hence u+pti remains constant in the throttling process. 
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[Tor perfect gases Boyle's law (pv)T= constant and Joule's law 
u^cT hold true, and therefore w + pu would depend upon temperature 
only. We have just shown that u + pv for the porous plug experi¬ 
ment is constant whether the gas is perfect or not. Hence, for 
perfect gases the temperature on both sides of the plug would remain 
the same. In actual experiments, however, a cooling effect waa 
observed for most gases such ns air, () a , N 2 , 00 2 and a heating effect 
in case of II 3 . Thus none of the gases examined was perfect. The 
lack of perfectness may bo duo either to deviations from Boyle’s 
law or from Joulo's law or both. If wo know the former, 
as from Amagat’s experiments (p. 97) we oau find the latter 
by performing the porous plug experiment. If at the particular 
pressure and temperature in A, the gas is more compressible than 
aL lower pressures [c/., curves of N a , C0 2 before the bend (p. 98)], 
pA^A<^ Pb ^b* Therefore, duo to deviations from Boyle’s law alone 
mb <C Ua, i-e. the gas would show a cooling effect.* If the gas is 
less compressible! (c/., JI Z ) there w T ould be a heating effect. Upon 
these effects will be superposed, the effect due to deviation from 
Joule's law\ Since in actual gases, cohesive forces are present, work 
will be done in drawing the molecules furtber apart during expansion 
and the gas would become cooled. Thus the Joule-Thomson effect 
due to this cause would always bo a cooling effect. The observed 
effect is the resultant of these two effects and may be a heating or 
cooling effect depending upon the sign and magnitude of the former 
effect. 

18. The Porous Plug Experiment —We shall now describe an 
actual experiment. Joule f and Thomson 
were the first to carT) out these experiments. 
They employed a cylindrical plug, which ia 
indicated in Fig. 9. The compressed gas 
flows through a copper spiral immersed in a 
thermostat and after having acquired its 
temperature, passes through the porous plug 
W. The plug consists of silk, or cotton-wool 
or other porous material, kept in position 
between two pieces of wire-gauze and enclosed 
in a cylinder of some nnn-eondueting wood 
bb. The plug and part of the tube is sur¬ 
rounded hy asbestos contained in a tin cylinder 
zz so that no heat reaches it from the bath. 
Joule and Thomson worked with air, O a , N 2 , 
C0 2 between 4° and 100°C, the initial and 
final pressures being 4'5 atmospheres and 1 
atmosphere respectively. 

* It is important to remember that the internal enemy made up of two 
parts : (1) kinetic energy whirh depends upon the temperature, (2) potential energy 
due to molecular attractions, the former being much greater in a gas under ordinary 
conditions so that Joule's law ia approximately obeyed. 

f Joule, Scientific Papers, Vol, II. p. 216. 



Fig. 9.—Joule-Thom 
son's porous plug. 
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Some of the subsequent workers employed a plug of the * 4 axial 
flow” type as used by Joule and Thomson, while Borne others 
employed a plug of the “radial flow” type. In the latter the gas 
flowed from the outer side of a hollow cylindrical plug to the interior 
and hence heat insulation was better. Certain others employed only 
a throttle valve or a restricted orifice. 

From these experiments Joule and Thomson found that the fall 
in temperature was proportional to the difference m pressure on the 
two sides of the plug, i.e., fS0=/r(p A — p B ), where k is a constant, 
characteristic of the fluid. Th_py found empirically that k=A/T 2 
where T is the absolute temperature of the gas, while Itoss-Innes 
found k=A + B/T. Hoxton, however, found that his results were 
best represented by the formula 

fc=^+J+J.(8> 


We can find a value of k from theoretical considerations (see 
Chap. X). If the gas be supposed to obey van der Waals' equation 
o# state, it can be shown that the Joule-Thomaon effect 


A\ 

AV ^v\RT~ ) 


approx. 


(4) 


Exercise 1.—Using the values of ft—1*86 x ID 8 atm. and b — 
32'0 c.c. for a gram-molerule of oxygen at N.T.P. and C p = 7'03 cal. 
per mol., calculate the Joule-Thomson effect from equation (4). 

A * 1 I 2x136 xHPxrOlxHP] QQA 

AP “ 7 08 x 418 x 10* [ 8 3 x 15^73 J 32 ° 

A* BO deg. 

0r AP ~~ 7*03 x418"xiO T dyne/cm 2 

89 x 1-01 x 10“ deg. 

”7-03 x418xlO 7 “ U atm./cm* * 

Exercise 2. Calculate for a van der Waals’ gas the cooling pro¬ 
duced in the Joule-Thomson process. 


r v >asv « ft 

Internal work done by the gas —Jy V 2 aV ” V~ ~~ "F " 
Net work (external + internal) done by the gas 


=p 

r 1 r a 

O/i 

=B(T a -T l )+b(p 1 -p l ) +r ^ -£\ 

since from van der Waals’ equation pV—BT+ bp- (a/V) approx lor' 
the two sides of the plug. 

This will produce a cooling by —A^ such that 

2n 2a 
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fOHA4\ 


or 


H A# ± b AP+^-AV) approx. 


Combining this with the relation C p —C v =■ J?, we get equation (4). 


19. Principle of Regenerative Cooling, —The Joule-Thomson cool¬ 
ing observed for most gases is very small. ThuB, for air at a tem¬ 
perature of 20°C when the pressures on the two sides are 50 
atmospheres and l atmosphere respectively, Joule and Thomson found 
that the temperature falls by 11*7 °C. Hence the method could not 
he employed tor a long time for producing liquefaction. Subsequently, 
however, it was discovered that the cooling effect can be intensified 
by employing what is railed the reyenerativc process. A portion of 
the gas which first suffers Joule-Thomson expansion and becomes 
cooled is employed to cool other portions uf the incoming gas before 
the latter reaches the nozzle. The incoming gas becomes still more 
cooled after truversiug the nozzle. Jn this way the cooling effect 
can be made ruimilutht\ hi urinal practice, Ibis is secured by using 
either concenlrie tubes ns m Linde's process or by means of Hampson 
spirals (sec. 21). Two or more concentric tubes are arranged in tho 
form of spirals, the innpr one carrying the high-pressure inflowing 
gas while the mil it one the low-pressure outflowing gas. In the 

regenerative method a further advantage 


is gained by the fact that the lower the 
temperature the greater is the Joule 
Thomson cooling 

The regenerative principle is illustra¬ 
ted diagrammatic ally in Fig. 10 where the. 
high-press urr gas from the compressor 
enters the spirals contained in the water- 
cooled jacket A. The gns next enters the 
regenerator coils at E and by expansion at 
the valve G becomes cooled by a small 
amount. This returns by the outer tube 
abstracting heat from the high pressure 
gas, and reaches F almost at the same 
temperature as the incoming gas at E. 
The gas is again compressed and cooled by 
A and re-enters at E. As time passes, the 
gas approaching C becomes cooled more 
and more till the Joule-Thomson cooling 
at C is sufficient to liquefy it viz., its 
temperature reaches the value at which 
the gas would liquefy under the pressure prevailing at F. A portion 
of the escaping gas Ihen condenses inside the Dewar flask D. At 
this stage the temperature throughout the apparatus becomes steady 
and may bo represented In the curve shown in Fig. 11, p„ 190. The 
part LM represents the continuous decrease of temperature of the gas 
as we approach the nozzle through the inner tube while MN repre-, 
sents the Joule-Thomson cooling, NL represents the temperature 
of the low-pressure gas which is less than that of the adjacent high- 
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pressure gas. Thus the cooler low-pressure gas abstracts heat from 
the incoming stream. 

26. Linde’s Machine for 
Liquefying Air.— The principle I 

ot regeneration (applied to heat- 
ing) was discovered by W. Sip- 
mens in 1867, but its application | 

to cooling processes came later. £ ^ 

Inude in Germany and Hampson | * 

in England almost simultaneous¬ 
ly (1895) built air liquefying fi __ 

machines based on the above Duumc aionv the reteneratto mu 

principle. At the present time, _ _ _ _ 

h„. b T „. *■« “15S.CS”''JSf- 

quite common and many labora¬ 
tories in the world are fitted up witli such machines. Pig. 12 Bhows 
a commercial form ot Linde’s machine; c, d, is a two, or better three 
P. 



Fig. 12.—Linde's apparatus toi liquefying air 

stage compressor, the machine e compressing the gas from 1 to 20 
atmospheres while d compresses it from 20 to 200 atm. A charge of 
atmospheric air is taken in at a and compressed by e to 20 atm. 


# Kiri voa Linde, bom in 1842, was Professor at Munich. Hs published 
an of his air-liquefying machine in 1806. 
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It is then cooled by passage through water-cooled tubes and is delivered 
to the suction side of the second stage compressor. The compressed 
gas then posses through the cylinder / which contains caustic soda. 
This absorbs the carbon dioxide (if this is not done, carbon dioxide 
will become solidified and choke the valves in the liquefier proper). 
The gas then passes to the tubes y which are cooled by a freezing 
mixture to — 20 D 0. .From here it passes on through the metallic tubes 
P a to the inner coils of the liquefier proper. At a we have got the plug 
which is a throttle valve operated by the handle T. As the gas expands 
(m the first stage to 20 atm.), the temperature falls to about — 78 o 0, 
and the air again passes through the outer coils cooling the incoming 
gas; it is then led through the pipe P x to the second stage compression 
cylinder, where it is again compressed and allowed to pass through the 
refrigerator and the inner coils to a . After the completion of a few 
cycles the temperature ol the incoming gas fails so low that the second 
throttle valve is opened. The air is now allowed to expand to 1 atmos¬ 
phere when it becomes liquid and collects in the Dewar flask, from 
which it can be removed by the siphon h. The unliquefied gas is 
again led bock through the outermost coils to the compressor c as 
indicated by the arrows. Fresh charge of air is bpiug continuously 
taken in at r, compressed and delivered along with the gas from the 
middle tube to d. The process is cyclic. 

21. Hampson’s Air Liquefier, —This liquefier also utilizes the 
Joule-Thomson effect and the regenerative principle, but differs from 
Linde’s apparatus in details of construction. The special feature about 
it is the Hampson spiral. The high pressure inflowing gas passes 
through copper tubes coiled in the form of concentric spirals arranged 
in layers; it then suffers the throttle expansion and becomes cooled. 
This cooled air rises through the interstices between the layers of 
spiral and thereby' cools the incoming high-pressure gas. After some 
time the high-pressure gas becomes sufficiently cooled so that on 
suffering the throttle expansion, it liquefies. The apparatus thus differs 
from that of Linde only in the manner of cooling the incoming gas. 
The apparatus was later improved by Olszpwski. The Hampson cons¬ 
truction has been utilized later by Dewar, Onnes and Meissner for 
liquefying hydrogen (see Fig. 14) and helium. 

22. Claude’s Air Liquefier. —Although the Linde and Hampson 
liquefier* just described arc in extensive use in laboratories and com¬ 
mercial installations, the machines cannot bo said to be satisfactory, 
mainly because the efficiency of the machine, i.e., heat extracted/ 
energy consumed by the machine, is extremely low (about 15%). The 
cooling process employing Joule-Thomson expansion is really very 
inefficient. A more efficient machine could be devised if the com¬ 
pressed gas was made to expand adiabatically doing external work 
and thereby suffered cooling. The technical difficulties in construct¬ 
ing an apparatus for continuous liquefaction of gases by adia¬ 
batic expansion worn overcome by Claude. The main difficulty con- , 
cists in finding a suitable lubricant for the moving parts of the expan¬ 
sion cylinder since the ordinary lubricants become solidified at these 
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low temperatures. Claude utilized petroleum ether as the lubricant 
This remains viscous at tempera¬ 
tures of -140°C. or even -160°0 
and thus acts as an effective lubri¬ 
cant up to this range. 

Fig. 13 shows diagrammati- 
cally the Claude's air liquefying 
machine'. The gas iroin the com 
pressor is divided into two parts 
at A. One part goes to the expan- 
binii cylinder and suffers adiabatic 
expansion and consequent cooling. 

In this expansion it does external 
work which is utilized in doing 
work on the compressor. The' 
cooled gas traverses upwards in the 
pipe D thereby cooling the second 
part of the incoming compressed 
gas in the second heiit-exehanger. * 

Thp high-pressure gas thus pmti- Fi*» 13 — C'loude-Heylandtsystem, 
ally liquefies. Jt thpn suffers Joule - 

Thomson expansion nt the throttle valve. The evaporated gas is 
taken to the compressor and again compressed. 

Theoretically Claude's method should be more efficient than, the 
Linde process but in actual practice it is only slightly so. This is 
due to the Henous technical difficulties of the Claude method. The 
Linde method, has the groat advantage that no movable parts of the 
apparatus are at low temperatures and hence the construction is 
simple, lleylandt slightly modified the Claude liqucfier. 

It is obvious that an expansion turbine will possess several 
advantages over the reciprocating engine. Kapitza in 1939 developed 
an air liqucfier in which the compressed air is allowed to expand 
from a pressure of about 5 almos. to a pressure of about 1*5 atmos. 
anil diive a turbine wheel, and thereby suffer cooling on account 
Oi the work done. The machine is about three times as efficient 
as Linde’s liqucfier and as it utilizes a pressure of about 5 atmospheres 
only, all danger due to high pressure is eliminated. 

23. Liquefaction of Hydrogen. —The method of cascades failed* 
to liquefy hydrogen. Wroblew p skl thereupon studied the isotherms 
r.i hydrogen at low temperatures, and from that calculated the values 
o* a and 6, and thence the critical constants (p. 95). The critical 
temperature was found to be very low ( — 240 D C.) and Olszewski 
pointed nut that this temperature could not he reached by the evapo¬ 
ration of liquid nitrogen, which was the most intensive cooling 
agent then known. The physicists then turned to the Joulc-Thomson 
method. 

This method, however, first appeared to be inapplicable to 
'hydrogen and helium, for Begnault had shown that when hydrogen 

# Neon can be utilised but it is very rare. 
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i« subjected to this process, it gets heated instead of being cooled. 
That the difficulty is not fundamental and insuperable can be seen 
from the expression lor the Joule-Thomson effect viz., 


A* 1 /2^ 
A P~ <’p\HT 


-b 


> 


(4) 


£t is thus proportional to 2 d/RT — b but in hydrogen and helium 
a is so Bmall that at ordinary temperatures 2 a/RT<^b t and the term on 
the right-hand side becomes negative. Hence, for a negative value 
of AP» expansion of the gas, A^ is positive at ordinary tempera¬ 
tures, and the gas shows a heating effect. 

If T be sufficiently reduced, the right-hand term in (4) eventual!} 
becomes positive and the gas shows a cooling effect. There is just 
a temperature where 2 a/RT — b -- 0, i.e. t where Joule-Thomson effect 
changes sign; this temperature is called the ‘temperature of inversion* 
7 i , which is thus equal to 2 a/bR. This relation gives, after substi¬ 
tuting the values of a and b for hydrogen, T, to be — 7fl D C Olszewski 
experimentally observed the Jnule-Thomson effect for hydrogen at 
various temperatures and found the temperature of inversion to 
be —80’5°C. 

Similar is the case with all gases. There is a temperature ot 
inversion for all of them which, however, depends upon the initial 
pressure of the gas. Even the Joule-Thomson effect depends ver\ 
much upon the initial pressure. It is thus clear that the behaviour 
of hydrogen and helium is not anomalous; they differ from othei 
gases only in having a low temperature of inversion. 

Now since T e , the critical temperature, is equal to 8a/27b/£ 
(p. 95) and T h =2a/bR } it follows that T, -(27/4)7\. This rola 
(non is found to hold true approximately. 

Hydrogen must, therefore, be cooled below -80°C\ tor liquefac¬ 
tion. But for practical success it should be pre-coolrd to the Boyle 

point Tb (p- 68) which is defined as the point at which -I). 

Calculation with the help of van der Waals' equation shows that 
this temperature TB = a /bTl. Hence T B =J7\. We thus see that 
hydrogen should be pre-cooled to about 96°K (-177°(j). This tem¬ 
perature is easily attained if we immerse the hydrogen liquefying 
apparatus in a bath of liquid air 


24. Hydrogen Liquefying Apparatus. —-Dewar first succeeded in 
liquefying hydrogen in this manner in the year 1898. Travers later 
improved the apparatus. Hydrogen prepared from zinc and sulphurie 
acid is compressed to about 150 atm. and then passed through ooils 
immersed in water in order to deprive the gas of the heat 
of compression. Next it passes through cylinders of caustic potash 
and some dehydrating agent and iB deprived of its carbon dioxide and 
moisture. Hub is essential as these impurities would solidify much 
before the liquefaction of hydrogen sets in and choke the tubes. The 
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gas then enters the liquefier and traverses the regenerative coils A 
(Fig, 14) which are cooled by the 
outgoing cold hydrogen gas, and in 
the final steady state, becomes 
cooled to about —170°C. Next 
the gas passes through a refrigerat¬ 
ing coil B immersed in liquid air, and 
then through another refrigerating 
uoil C immersed in liquid air boil¬ 
ing at a pressure of 100 mm. This 
is adjusted b\ allowing liquid air 
Irom F to trickle into G and by eva¬ 
cuating G through a pump attached 
at P. The temperature of the hy¬ 
drogen gas thus tails to about 
— 200°C\ After this it traverses the 
roil I) and suffers Joule-Thonison 
expansion at the valve a which is 
operated by H. The gas thus be¬ 
comes cooled and this cold gas 
passes up round the chambers G 
and F, thereby cooling the coils 1) 
and (\ to the chamber R and from 
there to the compressor. Thus 
a^ter a tew cycles the temperature 
it the incoming gas ut a fulls to 
-250°C, and then on suffering the 
rloule-Thomson expansion it liquefies 
and drops as liquid into the Dewar 
vessel V. 

Many later investigators devised apparatus which have a large 
output. Amongst them may be mentioned Nornst, Kamerlingh 
Onnes and Meissner. Onnes' apparatus is very similar to his helium 
bquefier. Meissner's apparatus is somewhat different in construction 
but similar in principle. 

Liquid hydrogen boils at — 252’78°C. under atmospheric pressure* 
By causing it to boil under reduced pressure it can be frozen to a. 
w bite solid. 

25. Liquefaction of Helium. —Helium could not be lioueficd 
foi a long time. The attempts of Dewar and Olszewski to liquefy 
helium by the adiabatic expansion method were unsuccessful* 
Kamerlingh Onnes,* however, proceeded in his efforts very systemati¬ 
cally. He studied the isotherms of helium down to liquid hydrogen 
temperatures (up to — 259°C) and obtained the critical constants for 
helium. He found the following values-— T e = 5’25 0 K, p r = 2 r 2& 
atm. and normal boiling point =4 , 26°K. The Joule-Thomson invert 

* Heike Kamerlingh Onnes (1853—1926), born in Holland, became Professor 
of Physics at Leiden where he established his low temperature laboratory mad1 
investigated the properties of substances at low temperatures. 
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siua point came out to be about 35°K and the Boyle point J7°K. 
This temperature could, therefore, be reached by pre-cooling the gus 
with liquid hydrogen. Kamerlingh Oimes was thus convinced of the 
possibility of being able to liquefy helium by the Linde process, lie 
succeeded in actually liquefying it in 1908 in his laboratory at Leiden. 
Subsequently helium liqueiiers were constructed at Leiden, Berlin 
and Toronto. To-day there are scores of helium liquefiers in the 
world. Siucc helium is ratlier costly, the arrangement should be 
such that it ran work in cycles. hi the apparatus used at. the 
cryogenic Jaboratoiy at Leiden gaseous helium compressed to 30 atm. 
is passed through spirals immersed in liquid hydrogen boiling under 
reduced pressure and then through outgoing cold helium vnpour 
The gas then suffers Joule-Thomson expansion and becomes liquetied. 
The plant for liquefying helium is, theretoie, complicated by arrange¬ 
ments for liquefying air and hydrogen. 

Both hydrogen and helium were liquefied by lvapil/a in 1931 by 
the Vlnude-lleylandt method. Helium was liquetied by Simon by Lin* 
adiabatic expansion method and also by the desorption method. 
Tullius in 1947 developed a commercial type of helium liqucfier based 
on the Kapitza method. In the Tobins expansion engine the piston 
and cylinder aie constructed of nitrided nitralloy steel, the clearance 
being about 0*0003 inches on the diameter and the operation being 
completely dry. Thus the leakage of gas is extremely small and 
whatever does leak, also goes to the suction side of the compressor 

26. Solidification of Helium. —Kamerlingh Onnes tried to solidity 
helium by boiling it. under reduced pressure, hut though he claimed 
to have reached 1*15°K in 1910, helium still remained a fluid. In 
1921 he again tackled the problem and by employing a battery of 
large diffusion pumps he reduced the vapour pressure to 0013 mm. 
and the temperature, to 0*81 °K, but helium still remained fluid. After 
the death of Onue*?, his collaborator and successor, Dr. Keesnm suc- 
ct oiled in 1926 m solidifying helium by subjecting it to an enormous 
pressure. Helium was compressed in a narrow brass tube under a 
piessurr of 130 atmospheres, the tube itself being immersed in a 
liquid helium bath. It was found that the tube was blocked indicat¬ 
ing that part of the gas had solidified. If the pressure was reduced 
by 1 or 2 atmospheres, the tube became clear again. Later experi¬ 
ments showed that helium at 4'2°K solidified at 140 atmospheres 
while at 1*1 D K it solidified only under 28 atmospheres. Solid helium 
can hardly be distinguished from the liquid : it is a transparent mass 
having almost the same refractive index as the liquid. 

27. Cooling produced by Adiabatic Demagnetisation.— Up to 

1923 the only method available for producing temperature lower than 
4°K was the boiling of liquid liplium under reduced pressure 
Keesom in this wav reached 0‘72°K in 19.32. Tn 1926 Debye and 
Giauqup showed theoretically that lower temperatures could be pro¬ 
duced bv the adiabatic demagnetisation of paramagnetic substances 
(V.o. those substances for wdiich the magnetic susceptibility K is 
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greater Ilian uuity). The principle ol the method is as 
iollowb:— 

The process r>f magnetising a substance involves doing work on 
ii iu aligning the elementary magnets in the direction of the external 
held. 11 u suhbtunce already magnetised iu demagnetised adi&- 
halicully, it has to do work and the energy to do this work is drawn 
limn within itself, in consequence oi which it cools. This cooling 
can be made large ii a strong magnetic field is employed and the 
initial temperature is low because then the magnetisation produced 
ui the substance is large. This iollows from Curie’s law which states 
lliut 1 lie paramagnetic susceptibility ui u substance varies inversely as 
ilie absolute teiripmitiue i.e. K-CjT. The final temperature attain¬ 
ed i"i determined by measuring the magnetic susceptibility of the sub¬ 
stance and calculating irom Curie’s law. In this way do Haas and 
Wirisma succeeded in reaching tliu present low temperature reeoid 
ul about (HK)R1°K m L1K55 by udiabatically demagnetising mixed 
ciWd.K nt chromium-potassium alum and aluminium-potassium alum 
sii 1 20 n K from an initial field of 24000 gauss. 

28. Properties of substances at liquid helium temperatures.— 

]*i opertics of substances undeigo very interesting changes at ex¬ 
tremely low temperatures. K. Onnes found in 1011 that at about 
4 r K many metals appear to lose completely their electrical resistance 
and become superconducting. The resistance does not absolutely 
vanish hut falls by about a million times so that if a current bo in¬ 
duced in a coil of the metal placed inside such a low temperature bath 
by bringing a magnet near if, the eunent does not immediately die 
out as iu oi dinavy electromagnetic induction, but may continue to 
flow lor days together. It has also been found that near the* absolute 
iiu 11-point, fhe specific heat, the heat conductivity etc. seem to 
vanish Besides liquid helium itself below about 2°K possesses 
strange properties, the most important being the property of super¬ 
fluidity when tho liquid has no viscosity. 

29. Low Temperature 
Technique.— Dncar ffask.- 
The discovery of Dewar flask 
by Sir James Dewar) in the 
"Royal Institution of London 
provided a very convenient 
apparatus lor low tempera¬ 
ture storage. Though very- 
low temperatures had been 
produced, it was difficult 
to maintuin the liquids 
at these temperatures as 
eveu by packing the bottles 
with the best heat insulating 

t James Dewar (1842-1923). born at Kincardine, became Professor of Natural 
Philosophy at Cambridge in 1875 and also Professor of Chemistry in the Royal 
Institution in 1877. His chief work was jn the low temperature region. 



Fig, 15.—Dewar Flask. 
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material, the leakage of heat from outside could not be prevented. 
But the problem was solved by Dewar in a very ingenious way. 

The Dewar flask (shown in Fig. 15 together with a siphon) con¬ 
sists of a double-walled glass vessel, the inside w r alls being silvered. 
The air is completely evacuated from the interspace between the wbIIb 
which is then sealed. If some substance be now placed inside such 
a vessel and the top closed, it is perfectly heat insulated, except for 
the small amount of heat which may creep in by conduction along 
the sides. The silver coatings protect the inside from radiation, and 
the absence of air prevents the passage of heat by conduction through 
the walls. If the substance be hung by thin wires inside the flask 
and the latter evacuated by pump and sealed, the insulation is com¬ 
plete. Such an arrangement was used by Ncrnst in liis low tem¬ 
perature calorimetiy (p. 42). Dewar flasks arc now sold in the 
market under the trade name 1 ‘Thermos flask”. They have lately 
been made entirely of metal with a long neck ol some badly con¬ 
ducting alloy as German silver. 

Low 'Temperature Siphons .—For transferring liquid air from one 
vessel to another, special types of siphons are used. One such siphon 
is shown in Fig. 15, connected to the Dewar flask. It is formed ol 
a double-walled tube silvered inside, the space between the walls 
being evacuated. On the application of gentle pressure to the rubber 
compressors A or B, liquid air rises up the siphon and can be trans¬ 
ferred to a second vessel. 

Cryostats .—For low temperature work constant temperature 
bathB are necessary; they are called cryostats. The substance to be 
investigated is kept immersed in these baths. From Table 3, (p. 135) 
it is easy to find out which liquids are suitable in a particular range 
ol temperatures. In this way suitable liquid baths can be easily 
constructed down to — 218°C. When no suitable liquids are avail¬ 
able, vapours of liquids can be employed. 

30. Uses of Liquid Air and Other Liquefied Gases. —The 

importance of liquid air is being increasingly felt so much so that it 
has now become essential for several purposes. Bottles of liquid 
air can now be obtained in any important modern town at a com¬ 
paratively Bmall cost. We shall give some of the important uses to 
which liquid air has been put. 

(i) Production of High Vacuum —High vacuum can be obtained 
by using liquefied gases with or without charcoal. For instance, if a 
vessel is first filled with a less volatile gas than air, say sulphurous 
acid or water vapour, and is then surrounded by liquid air all the gas 
inside becomes solidified and thuB high vacuum is produced. If the 
vessel contains air, liquid hydrogen may be employed to condense 
it. This process is greatly assisted by charcoal which poBseBBes the 
remarkable properly of occluding gaBes at very low temperatures ^ 
the lower its temperature the greater is the adsorption. Further also 
the adsorption is selective; as a general rule it may be Baid that the * 
more volatile the gas, the less it*is adsorbed. 
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We Shall give a numerical example. During a certain experi¬ 
ment a vessel containing air at a pressure of 1’7 mm. at 15°0. v when 
cooled by charcoal immersed in liquid air, gave a pressure of 0*000047 
mm. in an hour and using liquid hydrogen as the cooler the pressure 
was reduced to 0*0000058 mm. 

(ii) Analytical Uses of Air. —Liquid air is of great use in drying 
and purifying gases. Water vapour and the less volatile impurities 
are easily removed by surrounding the gas in question (say H a ) with 
liquid air, and for this purpose it is now used as a common labora¬ 
tory reagent. 

(iii) Preparation of Gases from Liquid Air —Oxygen is now pre¬ 
pared commercially from liquid air by fractional distillation. Sinoe 
the boiling point of nitrogen is -195'8°C., and that of oxygen is 
-182 9°C., the fraction to evaporate first will be rich in nitrogen while 
that evaporating last will be rich in oxygen. A few fractional distilla¬ 
tions will suffice to separate these completely. Several rectifiers 
have been devised to effect this separation. In Linde's rectifier 
(1902) liquid air trickles down a rectifying column where it meets an 
upgoing stream of gas. The temperature at the top of the column 
is slightly below 194°C. (B.P. of liquid air) while at the bottom 
it is -1B3°0. (B. P. of oxygen). The rising gas at the bottom 
comes in contact with the down-coming liquid and thereby soma 
oxygen of the rising gas is condensed, while some of the nitrogen in 
the downcoining liquid evaporates, And the liquid also becomes 
warmer. The process continues till the liquid reaches the bottom 
when it contains nearly pure oxj'gpo, while nitrogen passes off as 
vapour at the top. This oxygen is almost pure but the nitrogen con¬ 
tains about 7% of oxygen. More efficient rectifiers have since been 
devised by other workers. For details spe Separation of Gases by 
M Buhemann, Chaps. VI, VTT and VIII. 

Again atmospheric air may be utilised for the production ol the 
rare gases, particularly helium, neon and argon. Boughly five 
volumes of helium are found in million volumes of air but this is 
sufficient for our purpose. Liquid air may be separated into two 
fractions, the less volatile part consisting of O a , N a , A, CO a , Kr, Xc 
and the more volatile part consisting of He, H a , Ne. TIiub in the 
rectifier described above the gas going up will contain N a , H a , He 
and Ne. The nitrogen is removed by passing the gas through a 
dephlegmator and hydrogen is removed by sparking with oxygen. 
Neon and helium can be separated by cooling the mixture with liquid 
hydrogen. Thus, oxygen, nitrogen and helium may be obtained from 
air For details see Buhemann, Separation of Gases, Chap. IX. 

(iu) Calorimetric Applications,— Dewar constructed calorimeters 
ol liquid air, oxygen and hydrogen. He employed pure lead as the 
heater, and the volume of the gas evaporated by the application of 
this heat was measured. These calorimeters have the advantage 
that a large quantity of gas is formed which makes it possible to 
detect as little as 1/800 calorie with liquid hydrogen. In this way 
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the specific heat of lead anil other substances may bo investigated 
at low temperatures. 

(t?) Use of Liquid Gases in Scientific Research. —The extremely 
low temperatures 'which are now available to us by the use of liquid 
air and liquid hydrogen have opened for the investigator a new and 
vast held for research. This has made a liquid air plant essential 
for every modem laboratory. Most nf the important properties of 
matter have been investigated at low temperatures and have yielded 
results of far-reaching importance. This has been extended even to 
biological research, where it lias been shown that bacteria as well as 
seeds retain their activity unimpaired even after exposure to liquid 
air temperatures though a moderately high temperature is fatal. 

(ri) Industrial Use s of liquid Gases. —Liquid air is used cuin- 
moroially for bhe preparation of liquid oxygen as explained above. 
For submarines and aeroplanes it may be found useful to store* liquid 
air or liquid oxygen for respiration but the low thermodynamic efii- 
eiency inherent in the Linde machine prevents the use of liquid air 
in a heat engine (Chap. IX) on any large scale, though mixtures of 
liquid oxygen and liquid hydrogen have been sueeessfulh used as a 
highly efficient light-weight fuel for jet-pi applied aero-eugines. Liquid 
oxygen is, employed oil a small scale lor preparing explosives, tor when 
mixed with powdered charcoal and detonated, it explodes with ureat 
■\inlenee 

31. Principles of Air-conditioning.— Thc Comfort Chart -'Ilie 
seasonal variations of temperatlire, humidity, etc . ha\i nmiked i ffeef. 
on growth, longevity and working efficiency of man. The seasonal 
changes of the year lead us to change periodicals our clothing, )oud 
and manner of living, Hut we ean hardly cope adequately with tin* 
variations unless we ean really control the weather changes within 
our comfort, limits as regards temperature, humidity and other factor*. 
The science of refrigeration, heating anil ventilating devices have 
rendered it possible to control the weather at least within the Jour 
w r alls of our room This particular brunch, ol study is know'll as the 
science of air-conditioning. 

Complete air-conditioning means tin* coni ml nf the follow mg 
factors: 

Average comfort condition. 

(i) Temperature 75-77 °F. 

(ii) [Relative Humidity 150-05%. 

(iii) Air movement 2/5—75 ft.,min. 

(iv) Introducing Fresh Air at least 2/5% of total circulation. 

(v) Purification of Air 

(vi) Deodorizing 

(vii) Ionization or Activating the Air. 

Although apparently temperature seems to be the only guiding 
factor in the comfort feeling, the relative humidity (r.h.) plays almost 
equally important role in the feeling of warmth. The same tempera¬ 
ture condition, say 75°F. may make us feel either a bit too warm 
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nr too chilly according as the r.h. is too high or too low. This is 
because tho humidity condition controls tho evaporation from our 
body and hence the abstraction of latent heat which gives rise to 
the different warmth feeling. It is interesting to note that some 
nJ the air-conditioning plants in the tropics (Calcutta) do not employ 
any heating device during winter but only humidify the atmosphere 
by atomised spray of water. This is because the average winter 
lemperulurc of the place (about 70—75°F indoors) is not really too 
low. hut what makes us feel chilly is the low (40%) r.h. Ro we feel 
(jviiie comfortable only by raising the r.h. up to 60—70%. In cold 
countries, however, rooms are conditioned by electrical or steam-pipe 
heating devices. 

It is interesting to find that the comfort fppling is fairly critical, 
that its to say, that individual variation does not go much off the 
average. lOlaborato experiments have been performed by the Harvard 
School of ■public Health in collaboration with the American Society 
nf Healing and Ventilating Engineers on the average comfort feeling 
under I he different combinations of temperature, humidity and air 
M'lnnties, etc. As a result of these experiments the comfort chart 
(Kig. 16) is drawn in which the co-ordinates are the dry and the wet 



Fig, 16.—Tho comfort chart. 

bulb tempoifttures uud lines of constant r.h, and comfort scales for 
summer and winter are also drawn. The chart shows that 08% of 
4 the people during summer would feel very comfortable at 71 F. 
effective temperature. We shall see presently what effective tem¬ 
perature really means. It relates to the human feeling of warmth 
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under various combinations of temperature, r.h. and air velocity. 
For example, this 71°F effective temperature, may bo obtained by 
various combinations, such as 40% r.h., 78°F dry bulb, 62°F wet 
>bulb; or 60% r.h., 75°F dry bulb, 00°F wet bulb; or 70% r.h. ? 74°F 
dry bulb, 67°F wet bulb (all with air velocities 15—25 ft./min.). So 
we see that the term ‘effective temperature 1 represents a new scale 
which enables us to standardise the comfort feeling due to the various 
combinations of dry bulb and wet bulb temperatures (which automa¬ 
tically define r.h.) and air movements. The three combinations 
(starting with 40%, 60% and 70% r.h.,) as exemplified above would 
give rise to a leeling us if the person were placed at a temperature 
of 71 °F in a saturated atmosphere and with still air. This is how 
we can define effective temperature. 

The effective temperature scale thus represents the conditions 
of equal warmth feeling with various combinations of temperature, 
humidity and air movements. These are findings based on experi¬ 
ments with men and women with normal clothing and activity and 
subjected to conditioned atmospheres of the various combinations of 
temperature, r.li., and air movements. 

Fig. 17 shows the effective temperature chart. Let us see how 
to road the chart to find the effective temperature. Suppose that we 
have in the room an atmosphere with dry bulb temperature 76°F, and 
wet bulb 62°F and wind velocity 30 ft. min (0-30 ft./min. may be 



Fig. 17.—Effective temperature chart. 


taken as good as still air.) Now put the straight edge of a scale across 
the two temperatures (the dotted line), and it intersects the effective, 
temperature lines at about 70°F. If the same temperatures of 76°F 
<iiy bulb and 62 °E wet bulb are found to exist with a wind velocity 
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of 200 ft /min our feeling would be corresponding to 67J°F effective 
temperatui e and bo on 

Wo have seen that temperatuic and humidity aie the most 
important factors for comfort feeling, while movement of air gives 
a feeling of ease if it has velocities within 25 75 ft /min If the 
air ib dead still, it becomes uncomfoitable and stuffy On the other 
hand, if it has too high a vtlonH it becomes blasty and wb would 
not like it The higher the wind ^lncity, the colder is our feeling, 
as it facilitates evapoialion from oui bod) 

Wc next consider fitsh an A room coolei (or a room-heater 
in the cold season) must make piovision for mtioducing sufficient 
amount of fiesh an into the room Of Ihe total circulation a mini 
mum of 25% fiesh an is tecornmended, the remaining part is the 
room air itself recirculating thiough the machine It is tiue that 
if more an is diawn from outside and cooled m the an-conditioning 
machine foi distribution in th( loom it were better, but it becomes 
too exp on sue since much more work has got to be done in order to 
cool tht large bulk of outside hot air 

In n complete an conditioning outfit devices are includod to 
purity ind dendon/e the an by suitable means 

In spite oi the complete ail conditioning an angements it is found 
that wc can novel feel like the natuial atmoapheie under the same 
conditions TCecenth it has been found that the amount of electri¬ 
cally chaiged ions present in fresh atmosphere is highei than that 
present m tho air oi an occupied room. Experiments have been 
made to ionise air by X-rays and introduce the ions into the room in 
natural piupoitions to Actuate the atmospheie of the room This ha# 
given positive effect 

32- The Air-Conditioning Machine. —We ha\e sn tar seen what 
an conditioning actually means We shall now consider how it is 
achieved 



Fig 18 —Th# Evaporator 
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The an conditioning machine m the 100 m cuolei is fundamental^ 
a leingeiating machine which has been tlescubed in section 7, p 329 
with the main difference in the design of its evapoiatois This is 
]ust th( question oi how vu v\ant to utilize the Lolcl produced b\ the 
lLtiigeiating machine in an conditioning unit the cvaporatoi con 
sists ol a senes of zigzag coppei tubings tlioioughh finm d with thin 
roppci sheets in oidu to get a laigp du \ nt cold suit ui (hig 3b) 
As the liquefied leingerant (S0„ Ficon etc ) evaporates m tin tubing 
at low piossure, it becomes cooled and a fan put behind the cvapoi itoi 
limes the warm an in the if* m A complete Ingulaiu conriilirmn 
is shown in Fig l 1 ) with the Jan cooling and heat eng coils Uimndi 
he i i t< elcaiK shown 



Fig 19—I rigidaue ton liliuncr 

It is lmpoitant to note that the summei iu is laelen with mm b 
moistuic and it is desirable that humidity should be lowerpd As 
the air is fanned thiough the cold fins of the cvapoiatoi the moistuie 
condenses on them into dioplets which aie ultimate 1\ drained off 
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Thus cooling and dehumidification are simultaneously brought about 
in the same process. 

The size and capacity of an air-conditioning machine is not 
determined only by the size of a room. It depends upon the follow¬ 
ing considerations of heat loads: 

(t) Sun’s rays falling on walls or roof. 

(»') Conduction through walls and roofs duo to the difference of 
outside and inside temperatures. 

(in) Human occupancy .—For small private installations this boat 
load is not more than 5% of the Intal load hut in cinema or 
theatre halls, it is 55 to 65% and in restaurant 40 to 60%. 
(x\verage heat dissipation is taken \o he 400 B.t.u per hour 
hv each person). 

(it») Infiltration, i.r., outside unconditioned air enlering through 
doors, windows, ventilators and even thiough walls, etc. 

(?') JTeal-producing items in the room, c.g., electric lamps, air- 
conditioning machine itself (its motor), cooking stove, (dr*. 

In order to minimise thr heat load which inostU enters from 
outside, the walls and ceiling must be covered with insulating board* 
such as ceJotex, masonite, etc. and matting for the flooi should 
he used. 

It should, ho\\e\er, lie noted that the cmnlort feeling varies In 
some extent for peoplp of different countries. The cmnlort chart 
shown in Fig. 16, is suitable for people of tempera!e climates, like 
America and most oi the European countries But for tropical 
muntries like India, the chart would difliii coiisidcrahh People in 
the tropics are accustomed to more warmth and humid atmosphere, 
and this is why the American air-conditioning machine have got 1o 
he icudpisted according to our eorotnrt conditions. 
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THERMAL EXPANSION 

1. The size ol all material bodies changes on being heated. In 
the majority of cases, the size increases with rise in temperature, 
the important exceptions being water and some aqueous solutions in 
the range 0 to 4°C, and the iodide of silver (resolidified) below 
142*0 We shall first consider the expansion of solids. 

EXPANSION OF SOLIDS 

2. The cubical expansion of solids is somewhat difficult to 
measure directly (a method is given in section 18), and is generally 
calculated from the linear expansion. Hence, experiments on the 
expansion of solids generally consist in measuring the linear expansion 
of bars or rods of the solid. For isotropic bodies whose properties 
are the same in all directions, the expansion is also the same in all 
directions. To this class belong amorphous solids (e.g., glass) and 
regular systems nf crystals (r g , rock salt). Metals may also be in 
qluded because though they are composed of a very large number 
of small crystals, these crystals are oriented at random and the 
average properties are independent of direction. In anisotropic 
bodies such as many crystals, the expansion is different in different 
directions and may be even of different sign. We shall first consider 
isotropic bodies while anisotropic bodies will be considered later 

ISOTROPIC SOLIDS 

3. Linear Expansion. —If n bar of length i D at 0°C. occupies a 
length l t when raised to t°C.. l t can always be expressed by a rela¬ 
tion of the form 

U **)■ U) 

where l is called the mean coefficient of linear expansion between 
0 and f°C., and is a very small quantity. This differs very little 
from the true coefficient of linear expansion a at the temperature 

t which ip equal to * ^ The true coefficient a may also be defined 
by the relation * ~ which on integration will yield a relation 

fp (!► 

sf the form (1). The mean coefficient A may be put equal to the 
eoefficient of expansion at 1/2 °C if the range of temperature is 
small. Often the initial length is measured not at 0°C but at.t 1 °C. 
Then if t a denote the other temperature at which the length is I a . 
we have 

r, " rlrrf = 1 + A -*>) »pp««- 
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by the binomial expansion. Hence 

* = dA) * ppiox . w 

The mean coefficient A itself is found to vary with temperature. 
This implies that the relation connecting length and temperature is 
not a linear one and equation (3) must be modified into 

0 + * ■ ( 8 ) 
where the successive coefficients go on decreasing rapidly. An equa¬ 
tion of this typo is entirely empirical. The molecular theory of matter 
has not yet been developed sufficiently to yield an exact theoretical 
formula. Generally it is sufficient to include terms up to the square 
of t; the relation then becomes parabolic. In most cases both the 
coefficients A l and A 2 are positive, the 1 body becoming more expan¬ 
sible as the temperature rises. 

4. Earlier Measurements of Linear Expansion. —The linear expan¬ 
sion of solids is very small: a bar of iron one metrp long when 
heated from 0 to 100°C. I increases in length by about I'2 mm. To 
measure such small changes in length accurately, special devices are 
necessary. The increase in length may be obtained from the read¬ 
ings of a spherometer, or directly observed by means of a microscope. 
Again, the expansion may be multiplied in a known ratio by utilising 
the principle of the lever. The most satisfactory method, however, 
consists in utilising the interference fringes, which is considered in 
detail later. In this section, wo shall consider the earlier experiments. 

The spherometer or a micrometer screw was generally employed 
to measure the expansion and is suitable for ordinary work. The 
experimental bar, about a metre long, has its one i nd pressed against 
a fixed screw while the other end is free to expand. There is a micro¬ 
meter screw or a spherometer which can be brought into contact with 
this end. By noting the micrometer readings when the screw is in 
contact at 0°C. t and at any other temperature t° C., the expansion of 
^the rod is found, whence the mean coefficient of linear expansion 
can be calculated from equation (1). 

Boy and Bamsden employed microscopes to measure the expan¬ 
sion and were able to obtain results of considerable accuracy. The 
experimental bar was placed horizontally in a trough between two 
standard bars, and parallel to them. One standard bar carries a 
cross-mark at each end while the other carries at either end an eye¬ 
piece provided with crosB-wires. The experimental bar carries an 
object glass at both ends so that the pye-picce on the standard rod 
and the object glass on the experimental bar together formed a 
microscope focussed on the cross-mark on the second standard bar. 
The standard bars were always kept in ice. One end of the experi¬ 
mental bar was fixed while the other end was free to move when the 
r bar was heated. The object glass was brought back to its initial 
' position by a fine micrometer Bcrew, whose initial and final readings 
gave the expansion. 
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.Laplace and Lavoisier employed the lever principle to magnify 

The change in length was 
converted into a change 
m angle by means of a 
lever arrangement and 
tin* angular change was 
measured by a scale and 
a mirror or telescope. The 
principle of tlirir appara¬ 
tus is indicated m Fig. I. 
One end A of the experi¬ 
mental bar All is fixed 
while the other end 11 
pushes against a vertical 
lever Oil attached at 
right angles to the axis 
ot a telescope LL, which 
w it sell pivoted at O and is focussed on a distant vertical scale (JC'. 
The hui All is first plaeed in melting ice and the scale division l 1 
"ivii Ihiough the telescope is noted. Next the liar enclosed m 
.j lint-water bath The rod AB expands to II' therein tilting 
1 he telescope LOL to tin* position 1/01/ and tin* scale division C' is 
now seen thiougli the telescope The expansion 1111' is equal to Oil 
tan Z 11011' - OB tan z OOC' = OB x OC'/OC. 

Paschen employed a coni hi nation of the nnciometor screw and 
flic le\er. The expansion was multiplied in the ratio 1: 7) by the 
lt\ei and this magnified change in length was measured by the 
nueimneter screw. An optical lever arrangement is also sometimes 
used when the expansion causes a plane mirror to tilt and thereby 
deflect a vav lefleeted from the mirror. 

5. Standard Methods. —At the present firm* tlie standard methods 
employed tor measuring expansion are: 

(1) Onmparatoi Method, (2) Henning’s Tube Method, (3) Method 
of Interference Fiinges Methods (1) and (3) are direct w r hile (2) js 
indirect 

6. Comparator Method. —This is a standaid precision method for 
dcteimining the expansion of materials in the furm of a bar or tube. 
The bar, about a metre long, is mounted horizontally in a double- 
walled trough so that it can expand freely at both ends (Fig. 2) 
and lias two fine marks L, L made neur the ends. A standard metre is 
also mounted horizontally in another double-walled trough, both 
these troughs being arranged parallel to each other and mounted on 
lails so that either the experimental bar or the standard metro can be 
brought into the field of view of two vertical microscopes M, M. The 
microscopes are provided with an oyepiece micrometer or can be 
moved parallel to the direction of expansion by means of a micro¬ 
meter screw, and are fixed vertically in rigid horizontal supports pro¬ 
jecting out from two massive pillars, the distance between the micro¬ 
scopes being about one metre. 


the expansion (mechanical freer method). 



Fit; 1 —Apji.ii.itiib ot bapJaie and 

LlIVOISIi | 




MI. 


HENNING'H TUBE METHOD 


159 


First the two troughs arc? filled with water surrounded by melting 
Ice iu the spare between the double walls. The experimental bar 
then wheeled into position and the fine marks on it arp viewed 



Fig 2—The ( oniiiiiufoi method. 

ihiougli the two micioscupes and their positions are noted in the 
mic»ometer. The standard metre is then brought below the micro¬ 
scopes und the two extreme marks oi gLaduation are viewed through 
Ihe mieioseopes. From the change m the micrometer reading the 
hiiiith nl the bar at ()°C is obtained. The experimental bar is then 
li ated by icplacing the melting ice in the doublc- 
w-dleil space of the trough by water which is heated 
umici tliLM mostatie control The line marks are 
again \uw\ed through tin* micrometer eyepiece 
'I lie increase in length is determined from the 
change in micrometer reading. For measure¬ 
ments at low temperatures the experimental rod 
is placed in a tube which is immersed in a suitable 
liquid bath (r tj liquid nirj. g ^ 

7. Henning’s Tube Method of Measuring 
Relative Expansion. —In this method tin* ex- 
penmental and the comparison bodies arc 
louetluT bi ought to Hie same temperature and the 
oitteientia) elmngc of their lengths is measured. 

The comparison body is so chosen that its expan¬ 
sion in the temperature region is nceurately known 
and, if possible, is also very small, I used silica R - 
serves this purpose well. Inside a tong vertical 
tube made of some tvell-defined glasq (fused silica, 

Jena glass), there is a ground point, molten and 
ctwiwn out of the same glass at its tower end. 

Fpon this point rests the experimental rod R 
(tfig. 3), about oO cm. long and having both of its 
end faces ground plane. IJpon the upper surface 
of R rests a pointed end of another glass rod S 
made of the same glass as the outer wider tube. 

To the upper end of this rod as well as of the 
outer tube are attached end-pieces carrying scales. The whole 


M, 


Fig. 3.—Henning’p 
apparatus. 
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tube up to half oi the height ol the rod S$ ib immersed 

in a hot or cold bath and the relative shift of the end-pieces is mea¬ 
sured with a microscope provided with a micrometer eyepiece. The 

shift gives the relative expansion of the experimental rod against a 

glass tube of equal length. This is so oil the assumption that the 
temperature of the rod and of the outer tube is the same at the same 
height. For high and low temperatures suitable baths may be em 
ployed. 

8* Fizeaa’s Interference Method.— Fixi-nu devised mi optical 
method depending upon the observation oi interterence hinges 
This method is capable ol very great accuracy and is specially 

suitable when small specimens of the experimental substance are avail 
able, as in the case oi crystals 

In his original experiment, Fizeau used the substance B (Fig 4) 
in the form of a slab about 1 em lluek with two of its opposite plane 



Fig. 4.—Fizeau b interference method 

faces parallel and polished. It was placed with one of these laces 
horizontal on a metal plate A supported by three levelling screws S, B. 
These screws projected upward through the metal plate a little beyond 
the upper surface of the slab B. A convex Ions L having the lower 
surface of very large radius of curvature was placed on these screws so 
that a thin film of air lay between this surface of the lens and the 
upper polished surface of the slab. With the help of a mirror M and 
a right-angled prism P placed above the lens, horizontal rays of light 
from a sodium flame F were sent down vertically to illuminate the air 
film and the rays reflected repeatedly at the surface of the slab and the 
lower surface of the lenB proceeded vertically upwards and were again 
reflected by the prism P and received by a horizontal telescope T so 
that Newton's rings could be Been through the telescope. 
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We know that in the case of Newton’s rings the condition for a 
bright ring is 

S = cos r r- (2n.+l)A/2, 

where 8 is the path difference, e the corresponding thickness of the air 
film and fi its refractive index, r the angle of refraction of the ray into 
the iilzn y n the order of rings and A the wavelength of the light used. 
In tbe present case /u - 1, r=0. We have therefore 

8 = ac = (2*4 1)1/2.(4) 

The difference in the thickness of the film at two successive bright rings 
is 1/2. Hence when the thickness of the film changed due to expan¬ 
sion of the slab and of the three screws supporting the lens the rings 
appeared to pass across a mark in the lens. Since one-tenth of the 
distance between successive bright rings could be measured, the change 
m length of the order of 1/2 i.r. about 0*00002944 mm. could be 
determined. 

When the above arrangement producing the air film was enclosed 
m a chamber which was heated, the thickness of the film changed due 
to the differential expansion of the screws and the substance B, and 
tbe shift of bright rings across the mark was observed. If x bright 
rings are thus shifted, the difference in the expansion of the projecting 
portion of the supporting screw and of ihe slab B along its thickness is 
equal to jtA/2. In order to find the expansion of the screws, the slab 
a us removed and interference rings wore produced by reflections at the 
lower surface of the lens and the polished surface of the metal plate 
through which the screws projected. 

Abbe and Pulfrich improved Fi/eau ^ apparatus by replacing the 
.-.crews by quartz rings as shown in Fig. -i, p. 102. (r and D arc two 
quartz plates and It is a hollow cylindrical tripod, also of quartz, cut 
with its generating axis parallel to the optic axis, aud placed between 
11 and I). The specimen is placed inside It and the fringe* arc formed 
by tbe wedge-shaped air film, enclosed between the lower surface of I> 
' i ind the upper surface of the specimen, the angle of the wedge being 
> cry small. The light from a Geisslor tube (Fig. fi) containing mercury 
and hydrogen is used. It enters the telescope at right angles, is 
deviated through a right angle by means nf the prisms P, P and 
then falls upon the system as a parallel beam. The fringe systems 
for different wavelengths arc formed at different heights in the focal 
plane of the objective. By turning a screw' any nf these systems 
can be brought in the field of view of the micrometer eyepiece. The 
lower surface of the upper quartz plate T) is provided with a 
mark of reference and the number of fringes crossing this reference 
mark due to rise of temperature can be measured with the help of 
the micrometer eyepiece. If A,, A a , denote the various wave¬ 
lengths of light employed and + ® a +f 3 , a? a + f 3 ,...the number 

of interference bands displaced across a fixed line (sc representing a 
' whole number and £ a fraction!, the increase A in the thickness «f 
the air film is given by 

11 
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A= 2^' ^') 2 # ( rj + f ') *•)• * (5) 

9. The Fringe Width Dilatometer.- Tu the last method the change 
in length was found from observations on displacement of thp fringes 
Priest devised a dilatometer in which changes m length can be obtained 
from the ohange in width of the interference fringes. The apparatus is 
indicated in Pig. 7. 

The air film is enclosed between the lower surface of the cover plate 
and the upper surface of the base plate, both of which are opticallv 
plane and enclose a wedge-shaped space (0-1 to 0-fl mm. thick). The 
sample under test ends at the fop in a fine point X upon which rests 
the cover plate. On looking down in the direction 00, a system of 
interference fringes will be seen (as shown in the plan) appearing 
to lie in the plane ftb so that the fringes and the reference lines 88 
and xx on the mirror can be simultaneouslv focussed. When the 
sample expands on heating, it tilts the cover plate and thereby 
changes the thickness of the air film and consequently the width 
of the fringes. The number of fringes between the lines «« and xx 
are observed both initially and finally, and from this the expansion 
can be calculated. 





DISCUSSION OF RESULTS 


The calculations can be readily 
made. We saw from equation (4) in 
the last section that i£ the film thick¬ 
ness increases by A/2, there is a shift 
ni one fringe across the mark, the 
lunges actually contracting. Thus 
it in the present arrangement the 
number of fringes between the marks 
tind xx changes b> ? + £ , and d 
denotes the distance between 88 and 
r,r and A the wavelength of the light 
employed, then the change 0 in the 
angle between the planes bb and cr 
measured in radians is given bv 

♦=<*+< v <« 

Again, it D is the perpendicului 
distance from X to knife-edge SR, A 
the relative expansion of the sample 
with respect to a piece of equal height 
made from the material composing 
the base plate, then 0 is also gnen b\ 


l onibining (fi) and (7) wo get 



Kur 7—Fiim»o wullh dilalDim'tor. 

( 7 ) 


Knowing the coefficient ui expansion can be calculated. 

10. Discussion of Results. —Table 1 gives the mean coefficient 
M expansion oi several substaneps between 0 and 100 D C. The mean 
coefficient A is multiplied by^ 10 b and givrn in the table 

Table I. Coefficient of Linear Expansion of Substance*. 
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But as already mentioned in section 3, these values change 
appreciably if the final temperature is different from 100°C. The 
mean coefficient A is a lunction oi the temperature. As the final 
tempeiature is lowered the coefficient docreaseb. Gruneisen has 

found the value of the quantity ! ^ Iol very low temperatures and 

has deduced an impoitaiit law connect mg the coefficient of eiqjansiou 
and the specific heat. Gruncisen’s law states that for a metal the 
ratio of the coefficient of linear expansion to its specific heat at con¬ 
stant prcssvrc is constant at all temperatures. 

11. Surface and Volume Expansion. - The change in area tun l 
volume can be easily calculated from a knowledge of the coefficient 
of linear expansion A rectangle of sides 1 and b will, on being 
heated, have sides of lengths 1( 1 f i) and fo(l+At), and its aiea 
will become lb (1 t At) 2 It the initial and final areas be ,4 0 ami 1 
we have 

.1 - 1 U (I i -'2/1* approx , . . (9) 

since A is small. Thus the coefficient of surface expansion is 2). 
Similarly, the coefficient nf volume expansion can be shown In 
be 3A 


12. Expansion of Silica Glass, Invar- Silica glass (quart/ winch 
has bppn fused and resolidified into the non-riy^tallme form) is now 
commonly employed for the construction of tlirimnnrmtcTs The 
expulsion of silica is \piv small ( ? 0/5xl0“ 6 per °C ), and is vei\ 
conveniently determined by Kizeuu's method Vessels made of this 
material can be heated without unv (ear of breaking The curve 
connecting tho coefficient of expansion and temperature is a stiaight 
line between the room temperature and 1000°C hut. at both limits 
it bonds. The coefficient is negative briow -80°C. 

Invar is another special substance, being an alloy of nickel ami 
’steel. Its coefficient of expansion nt ordinary temperatures is ex 
Iremely small and hence it is generally employed for making secon¬ 
dary standards of length, and in the manufacture of precision clocks 
and watches. 

13. Practical Applications. The expansion of solids is ni gieat 
importance in our daily life and its consequences have often to b© 
borne in mind carefully The student will be familiar with most of 
these from his elementary studies Of particular interest is the 
effect of this expansion on the tune kept by a clock or watch. The 
time of oscillation of a pendulum depends upon its length and there¬ 
fore in compensated pendulums the effective length of the pendulum 
is kept constant by suitably balancing the expansion in the two 
opposite directions. In the grid-iron pendulum steel rods expanding 
downwards and brass rods expanding upwards annul the effects of 
each other. In the mercury pendulum the expansion of the steel • 
rod downwards is balanced by the expansion upwards of mercury 
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contained in the bob. In the balance wheel ol watcheB the compen¬ 
sation is brought about by making the rim of the wheel from a 
bimetallic strip so that the expansion of the spoke is compensated 
by an inward bending of the rim. The use of differential expansion 
in constructing a bimetallic thermo-regulator is explained in sec. 27. 

Anisotiiopic bodies 

14* It was first observed by Mitscherlich that the angles bo- 
tween the faces of cleavage of a crystal of Iceland spar change when 
the crystal is heated. lie gave the correct explanation of the pheno¬ 
menon, viz., that the expansion of the crystal is different in different 
directions and this is the cause of the change in ang le. Such sub¬ 
stances are called anisotropic or noil-isotropic. 

For every crystal, however i there con be found three mutually 
perpendicular directions such that if a cube is cut out of the crystal 
with its sides parallel to these directions and heated, the angles will 
remain right angles though the sides will become unequal. These 
directions are called the principal axes of dilatation and the coefficients 
of expansion in those directions are called the principal coefficients 
of t jpansion. Denote these by A*, A y , A a . Then a cube ot sides 1 Q will, 
mi being heated to t° 0, become a parallelopiped whose edges will 
hr uiven by 

t - ly = l nll+^0" ^o(l 1 V)* ■ (10) 

t» ly h ~~ ^o 3 !^ + (Ij f ly +■ A*)tJ. .... (11) 

The volume coefficient of expansion is thus 7 X + A^-f A z . The linear ex¬ 
pansion in any other direction can he readily calculated in terms of 
the principal coefficients and the direction cosines * 

15. Experimental Methods and Results. —Ciystals are best in¬ 
vestigated by the interference method. The crystal is cut in the 
manner desired, into a platp with parallel faces bom 1 to 10 mm. 
thick, and is placed between the glass plate and the metal disc. The 
details ol these experiments have already been given. 

When the expansion along Hie various axes of different crystals 
is investigated very interesting results are obtained In the hexago¬ 
nal system, tor optically negative crystals the expansion along the 
axis is always greater than that along an axis at right angles 
to it; while for optically positive crystals the reverse is the case. 
Thus, for Iceland spar we have expansion parallel to the axis and 
contraction perpendicular to it. The contraction is always much less 
than the expansion so that the volume coefficient remains positive. 

EXPANS10N OF LIQUIDS 

16. Tn case of liquids we have to consider ouly the cubical ex¬ 
pansion. As befote, the volume can again be expressed as a func- 

* Further see Glnzebrook, A Dictionary of Applied Phytic*, Vol. 1, p. 876. 
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tion of the temperature; thus 

T 7 = T 0 (l + a x t +a s ^ a + • )« • ■ (l^j 

or approximately, 

V=F 0 (l + a n .03) 

where a is called the mean coefficient of expansion between t) J 
and t°C. Thus if a mass M of the liquid occupies the volumes V, V 0 
at 1° and 0°C, the densities p, p v of the liquid at the respective 
temperatures are p - M/V t p 0 — M/V 0 . Using (13) we get the relation 

* p = 1 r af. . . . (14) 

P v 0 

The expausmu of liquids is much greater than that of solids, >ct 
it is more difficult to measure, tor it is complicated by the expansion 
of the containing vessel. The expansion observed is called the 
apparent expansion and is a combination of the two effects, 
viz., expansion of the liquid and of the coil dining vessel. It can 
he shown (see sec. 18) that the coefficient of absolute expansion oi 
the liquid is approximately equal to the sum of the coefficients ot 
expansion of the containing vessel and the coefficient of apparent 
expansion of the liquid. Thus the former can be determined if Die 
latter two quantities arc known. 

There are three well known methods for determining the appar¬ 
ent or relative expansion : — 

(<) The Volume Thermometer Method, (o) the Weight TIiol mo- 
meter Method, and (iii) the Hydrostatic Method. 

17. The Dilatometer or Volume Thermometer Method.—'1 he 

thermometer consists of a bulb to which a graduated stem is attach¬ 
ed It is nearly filled with the liquid to be experimented upon. H 
the liquid stands to the mark -r u on the stem at 0°O., and to the 
mark T i at /°C., and ii the volume of the bulb at 0°L\ is V 0 and 
or each division of the stem r 0 then the volumes of the liquid at the 
two temperatures are 

JV-v’d ttn <i iJ'o+jv’o) u+yty 

y being the expansion of the containing vessel. The volume at 
t° C. is also equal to 

(! + »*). 

where a is the coefficient of absolute expansion of the liquid. Equa¬ 
ting w t p have 

(^» + *o B o) (l + «t) + (l + 7t). 

Knowing y the true coefficient a is calculated, or if y is not known, 
the relative expansion « — y can be evaluated. 

18. The Weight Thermometer Methods—A more accurate me¬ 
thod, depending upon the determination of weight and not of volume 
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is furnished by the weight thermometer. The thermometer is of 
the shape shown in Fig. 8, and is made of glass 
or fused silica. It is first weighed and then 
completely filled witb the liquid by alternate 
heating and cooling with the open end dipping 
in a cup of the liquid. 

The experiment consists in weighing the 
thermometer filled with the liquid at two tem¬ 
peratures. Let M* l( ia a represent the weights 
oi the liquid filling the thermometer at tem¬ 
peratures f, and t 2 respectively. If V lt V 3 are 
the \olumes of the vessel at the two tempera- 
tuics rind p lt the corresponding densities of 
Hu* liquid, then 



- V 


1 P 1 


w m = V 


2 p 2 . 


(15) 


if lit it u, ■} denote the expansion coefficient 
•i ilie liquid .Hid the vessel respectively, 


Fig. 8.—The Weight 
Thermometer 


V 2 . PJ = J + a *_i_ 

1 + 7^1 ’ p\ 1 + ’ 

lj-y*, 1+jxt, 
i+yt, l+«<i 


(16) 


= l+( a -y) (L fj approx. . . (17) 

Tile uppaient expansion a can be obtained from (16) or (17) if 
I lie expansion oi glass is disregarded j e , y is put zero We then 
obtain hom (17) 


1 1 i « (t a t x ) appiox 


r>i “ = ^(C-'.i u, ’ prox - ■ * • (1H) 

Kquation (10) ean he treated rigorously. Assuming f 3 to refer 
to 0 °(\ and dropping the suffix 1, equation (16) yields 

w 1 + yf 

^ TTS** 


<u 


K 


f v 
Wt tr r 


= a 



(19) 

(*>) 


it is thus seen that, rigorously speaking, the true expansion coeffi¬ 
cient is a little more than the sum of the apparent coefficient and 
the expansion coefficient of glass, though the difference is almost 
negligible, and for all practical purposes we can assume a = a+y. 
We could treat equation (16) more generally when the result will 
K»e more complicated than (20). Knowing y the absolute expansion 
* can be calculated. 
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The thermometer can also be employed to find the cubical expan¬ 
sion of solids indirectly by enclosing the specimen inside the thei-mo- 
meter.* 

19. Hydrostatic Method (Matthiessen’s method).' —This consists 
in finding the apparent weight of a solid when immersed in the liquid 
at two temperatures t a respectively. The loss in fyeight of the 
solid is by Archimedes' principle equal to the weight of a volume of 
the liquid equal to that of the solid; denote this quantity In tv. Then 

^1 lPl* M 2~ ^ zP*' 

where F lf V 2 denote the volumes of the solid at the two tempevatiuos 
t |P t 2 respectively. Then 

I , 1 + y ^ | 1 + aty 

T J 1 + 7^2 9 p u 1 +• at! 

and proceeding as before, 

7 y ~ a l , I n ’ nX • < 21 ' 

An equation analogous to (19) can also he deduced 

29. Absolute Expansion of Liquids. —As nhrady mentioned 
the three foregoing methods mu,} be employed to find the absolute 
expansion of a liquid piwided tile cubical expansion of the contain¬ 
ing vessel [or of the immersed solid in $ 19J be known One way 
of finding the latter is by calculating it irom the lmeai expansion This 
is. however, open to objection luv the linear expansion i^ deteimined 
from bars of the material and it cannot be assumed a [nion that tin* 
physical properties of the material do not change when it is an 
nealed and worked into a vessel oi some shape. Fm tins leusun it 
is best to select vessels ol fused silica tor which the \ ohmic cnetli 
cient is extremely small (about (>'(X)000lj per °C.) 

21. Hydrostatic Balance Method. —There is only one ducct 
method oi determining the absolute exptui- 
# sion of a liquid which wab first given by 
B Duloug and Petit, ft depends on tno hydro 
} static balancing of two liquid columns at 
; different temperatures. Dulong imd Petit 

i employed a simple U-tube for the purpose, 
i § Begnault brought the upper endb of the tube 
H close together, an improvement which made 
; it easier to observe the difference in height of 
; the two columns. The diagram (Fig. 9) 

j serves to illustrate the principle of the 
J* method. A glass or metal tube, bent as 

A shown in the figure, contains mercury. The 

Fig. 0 .— Hydrostatic vertical columns AB, CD, CT)' are sur- 

Balance Method. rounded by melting ice and are thereby 

•See Glazebrook, A Dictionary oi ApjJitd Phyeits, Vnl. I, p. B78. 
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maintained at 0°C., while the column A3' is surrounded by an oil* 
Imth maintained at any temperature t°C. Suppose that AA' is hori- 
zontal. Let H, H', h , h' denote the heights of mercury in the various 
columns as shown and p, p 0 the densities of mercury at t°C. and 0 P C. 
Then since the pressures at D and I)' are equal, we have by equating 
the two expressions tor the hydrostatic pressure at A, 

fc> u +H' p =:/fp 0 +/i, B . (U) 

Lut P = Po /(l + rt), 

where c ib the coefficient of absolute expansion of mercury, Hence 

if*** - «+*• ■ ■ • <*> 

whence c can be calculated. 


If the columns H, h, h' are not at 0°C. but at temperatures 
t lm t 2 , t 3 respectively we shall get 


IV h' H h 

I irf 1 l + r,t, — 1 + Ojf, + t + e 3 t 2 


(24). 


where the quantities c l9 c a , r, denote the mean coefficients ol expan¬ 
sion between the different ranges. These can be determined by 
having the tempeiature oi Ah' to be f J7 f J( ( A successively If 
the height of A' above A is li,, a cmipsprmdiiig teim can be added Ur 
the right-hand side 

Regnault’s observations, though carried out with great skill, 
must lie corrected for various sources of erroi and lieuce cannot \ ielcl 
icKLilth of high necuiaej. ('ullendar and Moss jrpeuted the experl 
meats aiming at a high degree ol accuracy. Instead ot a single pah 
n 4 Jiot and cold columns 1*5 m. long employed by Regniuilt, they 
used six pairs of hot and cold columns each 2 m. Long and connected 
uj series us shown diagrammatic*ally in Fig 10. The difference in 
heights of llie first and the last column i- 
six times that due to a single pair. The hot 
and cold columns are marked II and C res¬ 
pectively The difference in height ol the 
lirst and the last column {viz., ab) is six 
times that due to a single pair. 

Tn the actual apparatus ef, yh . . were 
doubled back so that all the columns maikod 
(’ w T ero one behind the other; and similar 
was the case with H columns. All the II 
columns were placed in one limb of a rect- rfS’ui*° f 
angle and all the 0 columns in one limb ol apparatus, 

another rectangle, while the other limbs of 

these rectangles contained electrically heated oil and ice-cooled bafchb 
respectively. These were kept circulating by means of an eleotric 
motor and their temperatures were determined by a long 'bulb 1 resist- 
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once thermometer. Experiments were performed in the range 0 to 
300°C. and an accuracy of 1 in 10,000 was aimed at. 

22. Results for Mercury# —Their values for mercury are, however, 
systematically different from the mean of earlier investigators such as 
Regnault and Chappuis. Harlow has also made accurate determi¬ 
nations with the help of a weight thermometer of silica and aimed at 
an accuracy of 1 in 18,000. The concordance of results with bulbs of 
different shapes showed that silica was quite isotropic. The coefficient 
of expansion in the region 0 to 100°C. is according to (-’allendur anrl 
Moss 0-0001B2 per D C. 


Exercise I.—A barometer having a steel scale reads TWO mm. on 
a day when the temperature is 20°C. If the scale is correctly graduated 
at 0°C., find the true pressure, given that tlie coefficient of linear ex¬ 
pansion of steel = 12x10"° °D"\ and coefficient of expansion (abso¬ 
lute) of mercury = 182x10“® per °C. 

The length of scale at 20°C. = 7,‘>1) 0 (1 4 2()xl2x 10" b ) mm 
Density oi mercury at 2()°C. = p„ (l 4 20 x 182 x l(r 6 ) 
uhere^, 0 is density of mercury at 0°C. 


. ,, 750 0(1 +20 x 12 x l()” b )p 0 '/ , . , 

- 1 "-‘™ = (1+20x182x10-") 

= 7500(1 — O'0034) p r 7 747*45 p [X g dynes/em.- 5 

Exercise 2.—A mercury thermometer, immersed up tn 30°(\ mark 
in a hot liquid reads 230°C. If the i mposed stem has an average 
temperature of 50°C., calculate the tine teinpeiatnre, given that 
mean coefficient of expansion of mercury is 182x10”® per “C, and 
coefficient ol linear expansion of glass —H x I O'"® °<l~ l . 

Coefficient of "apparent expansion of mercury 
- (182-3x8)10"® - 158x 10"® °C" 1 . 


Hence, the exposed stem, if at the true temperature f°(\, would 
occupy a length (230— 30) [l4-(t-50) l58xJ0“®J. 

t -230 » (230 - 30)(f - 50)158 x 10" b , 
v.hene » f - 235°C. 


Exercise 3.—In a mercury pendulum u steel rod of length 1 em. 
at 0°U supports a glass cistern containing mercury. Find the height 
to which mercury should be filled up in the cistern tor perfect compen¬ 
sation id the pendulum, given that the linear coefficient of expansion 
of steel a"=12 x 10*"% linear coefficient of expansion of glass ,7=8*5 x 10”®, 
cubical coefficient of expansion of mercury m =■= 182x10^ °(J“ 1 . 

Del U be the required height of mercury in the cistern at 0°(\ 
V the volume of that mercury and A the cross-sectional area of the 
cistern, both at 0°C. l)uc to the rise of temperature to t° C, the 
volume of mercury increases to V(1 + mf), the cross-sectional area of 
the cistern increases to 4(1 + 2pf) and therefore the height of mercury 
increases to 
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i(T4r^<) =? ' (] + mf ' 

Since the centre of gravity of the mercury at 0°C is at a height ft/2 
from the bottom, it will rise tu ^ (l ±mt — 2gt) at t B C, the increase 

A 

being 9 (/ii/-2//f). The increase in the length of the steel lod at 


i u V is / , t . For 
equal, lienee 


pevfect compensation these two changes must be 
* (m<-2[/0 -ht. 


Or 


h - 


2a 

m -2</ 


/ 


2 x 12 x K)~ b 
(JH2 —17 ) > 10” b 


U14.V. 


23. Expansion of Water. -II is well-known that the expansion 
(A water is anomalous in the region 0 to 4°0. Several workers such as 
llnpe, Despretz, Mattliiessen, Joule end Playfair and others, measured 
this expansion careiullv. A constant volume dilatometer (sec. 17) 
may lie employed lor this purpose Jt the dilatometer is made oi 
ordinaiy glass some mercury is initially put in it to compensate for the 
expansion of glass. Since the expansion ot mercury is 0*000182 mid 
o± glass 0'00002. / 35, a volume of mercury equal to one-seventh of the 
\olume of the dilatometer will be required for compensation. These 
experiments show that when water at (TC is heated it goes on con¬ 
tracting .is long as the temperature is below 4 J 0. Above 4°C it 
expands on heating. Aecurute expeuments bj Joule and Playfair 
show Unit this temperature of maximum density is 3'9/>°(\ This 
anomalous behaviour is usually explained on the assumption that there 
“Mst three tvpes of molecules HjO, (H a O) 2 (1J 2 0) 3 , which hn\e 
different specific volumes and are mixed in different proportions at 
different temperatures. The total volume occupied is assumed to be 
the sum of the specific volumes, though there seems to be little 
I ust ill cation for such an assumption. 


24. Expansion of Gases. —The expansion of gases forms the very 
basis of the system of thermometry and the perfect gas scale discussed 
m Chap. 1. As stated there the results are best expressed in the form 
iv* Charles’ law which holds very approximately for the so-called 
permanent gases in nature. Here we shall describe the experimental 
methods of determining the coefficient of expansion. 

In the case of gases it is necessary to distinguish between two 
coefficients of expansion: (1) the volume coefficient of expansion a at 
constant pleasure, and (2) the pressure coefficient of expansion at 
constant volume. The volume coefficient of expansion is defined as 
the increase in volume of unit volume at 0°C for each centigrade 
•degree rise of temperature at constant pressure. Thus 
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where V and V 0 denote the volumes of a fixed mass of gas at t° and 
0°C. Or 

V-V 0 (l+,t).(26) 

If the volumes at temperatures t x and f a are V 1 and V 2 respectively, 
we get, with the help of (26), 

■-.ift-k.. (27) 

Vie can thus determine a by measuring the volume ol a fixed muss 
ot gas at two temperatures. 

Similarly the pressure coefficient of expansion of a gas is defined 
as the increase in pressure, expressed as a fraction of the pressure 
at OT, for one centigrade degree rise of temperature when a fixed 
mass of the gas is heated at constant volume. Thus if p and p„ be 
th»* pressures at t° and 0°C we have 

^ P p „r- • ' • (28 > 

t»’um which relations analogous to (20) and (27) can he deduced 

25. Experimental determination of the Volume Coefficient of 
Expansion.— Gay-Lussac was among the earliest to measure the volume 

coefficient accurately. Hegnmilt used 
an improved form of apparatus and 
coriected his results for various 
sources ot error. Fig. 11 shows a 
laboratory ariangement for determin¬ 
ing the volume coefficient and cm 
ploys Bcgnault’s technique in a 
simplified form 

The bulb A is connected bv a 
mu row glass tube to a calibrated limb 
JJ ni a meicury manometer whose 
other limb l 1 can bo moved up and 
down for adjusting the mercury level 
in 11. Tin* tap T enables the quantity 
ol gas in A to be adjusted First the 
bull) A is put in a cold water bath at 
and after it has acquired the tem¬ 
perature of the bath, the tube C is 
ad]usted until the mercury stands at 
the same level in both arms, ami the 
mercury level in B noted. Then the 
bath is heated, when the enclosed air 
Fig. 11— Apparatus for expand* pushing the mercury down 

mrasuripg volume coefficient. ^ ® a ^d up in 0. The bath is 

maintained at a certain temperature 
and the tube C lowered to bring the mercury level at the same height 
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in H and C, and the volume of gas in B read from the graduations* 
The process is repeated for every 20° rise of temperature upon 100*1 \ 
and the observed readings are utilised for calculating a from (27). 

The results are best treated by plotting the observed volume* 
against temperature on u giaph. It is found that all the points lie 
on a straight line showing that equal changes in temperature lead to 
euual changes in volume at constant pressure. ThiB is Charles* law 
which may he formally stated: for a fixed mass of gas heated at 
constant pressvrc 3 ike volume increases by a constant fraction of tin 
mlumi at () D C for each centigrade degree rise in temperature. Tins 
also Jollows from the result that a comes out to be the same whatever 
\ aloes ol fj and t 2 arc utilised in (27). "Results further show that 
a 1/273 (nearly) for all the so-called permanent gases. 


For accurate work corrections must be applied for the following 
sources ol error:—(1) tlie gas in the narrow tube and the manometer 
i» at a different temperature from the bntli, (2) the expansion ot the 
glass bulb with rise of temperature. Regnault applied correction*, for 
these and found that all real gases allowed small departures from 
mnloim expansion mid that the coefficient of expansion differed slightly 
horn one gas to another. 

26. Experimental determination of the Pressure Coefficient of 
Expansion. —The pressure coefficient can he easily determined in iho 


luboiatoi\ villi the help of an nppa- ___ 

latiu* known as dnly's apparatus. It fFIi r 

consists of a glass bulb A, ol about 

100 c.c. capacity, which is filled with r- JH 

di\ mi* and is connected by a glass I [ J H 

cap illai y tube to a mercury mnnn- II ; Hi 

meter mniintcd on a stand (Fig 12). (a) fl]'~ I 

V fixed reference mark x is made on l J H — jjWvf] 

♦he tube B near the top by means of >Ss —^ I ' ■ HN 

a tile, and the mercury level is I- ll!l 

■ iKvfi\s brought to this mark h\ ,id- 
Itisinig C 1 beiore any reading is taken 
Jins ensures lliut the volume uJ the 1 

enelos'd gas is kept constant. A __ 

metre scale S is fixed to the vertical f JJ S ~1 

stand to read the difference h in the !// /) # 

U-vols of mercury i n the t wo tubus / (( v7 / 

B nnd C. The bulb A i 8 immersed lr ^^— § 

m a water bath which is well stirred EE= - 

mL^W ! atUrPS rPad with «* KlS - 1Z ^ Jo, y’ 8 

nnometer. for determining pressure coeffii imt. 

-—afWrtnB,-.ts ijits 
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The bath is then heated through about 20°, heating stopped, and 
the bath well stirred. The mercury is brought to the mark x and the 
level watched carefully. When the level becomes steady at the mark 
x . the reading in C is noted. Heating is then resumed and readings 
are taken in this way at intervals of 20". The coefficient of expansion 
ft is then calculated from the relation 


For accurate work \arious corrections arc necessary. The most 
difficult to estimate is the “dead space” correction (p. 9) since the 
exact temperature of the gas in the capillary tube is not known. 
The expansion of the bulb introduces an error in ft of the order oi 
1 %; this can be satisfactorily corrected by adding the coefficient of 
cubical expansion of glnss to the observed value of ft. Experiments 
have shown that ft is fairly close to 1/273 for all the permanent 
gases which means that lor a fixed mass of any gas heated at constant 
volume, the pressure increases by 1/273 oi the* pressure at ()°C for 
each centigrade degree lise in temperature. Accurate experiments 
however show that this expansion is neither unifonn for a gas, hoi 
i* it exactly the same for all gases. 

As mentioned in fc7, Chap. I, these observed deviations ol a and ft 
from the correct value of 1/27316 are leally due tu the deviations ot 
actual gases from Boyle's law. Let a tixed mass of perfect gas, 
which by definition obeys Boyle's law, have the pressure p u and 
volume v 0 at 0°C. When it is heated to t°(\ the produet of pressure 
and volume can be written as p 0 r 0 (l + at) or /»„*’„(! +/if) depending 
on whether the pressure is kept constant oi the volume is kept constant 
Since these products must be equal by Boyle's law, we gel » -- ft tm 
a perfect gas. The expansion coefficient is exp. limentully found to 
be 000361)08 for all gases provided they aie reduced to the state ol 
a perfect gas (p —>0). The equality ot z tor all gases is really h 
consequence of the kinetic theory. 


27. Thermostats.— The property oi expansion is otten utilised loi 

^ constructing thermostats. In these the* 8 

r~j T7* temperature of any substance can be be 

R y ( \ _g kept constant for a long time. For 

J. I I temperatures up to 100 D f\ a toluene 

M I U thermostat may be used, but for tem- 

jLjfc peratures above 100°0, a bimetallic 

/* *\ thermo-regulator is generally used. 

I These will now be described. 

f Tolvcnc Thermostat .—A toluene 

V T thermostat is shown in Fig. 13, In the 

f \ bulbs T there is toluene, alcohol or 

v_ J some other liquid having a large co- 

Fig. 13. — Toluene Thermobtat. effioi “ t ° f expansion These bulb* 

are immersed in the bath whose 
temperature is required to be maintained constant. In case the tem- 
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Heat Engines 

1. Introduction to Thennodynamte* —Thermodynamics is liter¬ 
ally the science that discusses the relation of heat to mechanical 
energy. Rut in a broad sense, it comprises the relation of heat to 
other forms of energy also, such as electrical and chemical energy, 
light energy, etc. The principles of Thermodynamics are very gene¬ 
ral in their scope, and have been applied widely to problems in Phy¬ 
sics, Chemistry and other sciences. The theory of heat engines forms 
an integral part of the subject, and as the early developments were 
largely in connection with the problem of conversion of heat energy 
to mechanical work, wo shall begin the Btudy by devoting a chapter 
to the Theory of Heat Engines. 

HEAT ENGINES* 

2. The progress of civilisation haB been intimately bound up 
with man's capacity for tho development and control of power. 
History tells us that whenever man has been able to moke a great 
discovery leading to a substantial increase in his power, a fresh epoch 
in civilisation began. 

The present uge has sometimes been styled as the 'Steam Age* 
indicating the profound influence exerted by the invention of the 
'Steam Engine’ on the course of human progress. In this chapter, 
we shall make a brief survey of this “great event.” 

At the present time we know that Heat is a kind of motion. 
Whenever motion disappears it reappears as heat, and experiments 
show that 1 calorie of heat is equivalent to 41B x 10 T ergB of work. 
The question naturally arises: "Can we not reverse the process? Can 
we not by some contrivance, convert heat which is in so much excess 
about us, to useful work?” This is in fact the function of heat engines 
which we are going to discuss. They are contrivances to convert heat 
to work. 

But the early investigators were profoundly ignorant of the 
“ 'Nature of Heat” hence the problem did not present itself to them 
in this form. They, however, observed that generally when bodies 
get heated, they develop power. We may take three examples familiar 
to every body :— 

1. When water is boiled in a closed kettle, the lid U blown off 
by steam generated inside. This shows that high pressure steam 
can be made to do work. 

* In preparing this chapter, we have drawn very freely from the admirable 
little book by Prof. E. N. da C. Andrade on “Enginee" and we wish at this 
place tq acknowledge oar gratefol to the author. 
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2. When gunpowder or any explosive is exploded a sudden im¬ 
pulse is created which may be utilised for throwing b tones, cannon 
balls and for breaking rock. 

9. High velocity wind can be made to do work, e.g., from early 
times sails have been UBed for the propulsion of ships, for driving 
mills (wind-mills). We know that such winds are due to intensive 
heating of parts of the earth’s surface by the Bun. 

The three illustrations chosen above have Berved as the starting 
point for three different classes of engines which convert heat to work, 
via : (1) the steam engine widely used for locomotion and in in¬ 

dustry, (2) the internal combustion engines used in motor cars, aero¬ 
planes, and for numerous other purposes, (3) the windmills and steam 
and gas turbines.* 

Many of the principles utilised in thesB engines are quite common, 
to all classes, and we shall begin by describing the evolution of the 
steam engine. Though the mechanical details are outside the scope 
of this book, an elementary discussion is included for the sake of 
completeness and continuity of treatment. 

3. Early History of the Steam Engine. —The earliest record of 
human attempt to make a heat engine is found in the writings of 
Hero of Alexandria, a member of the famous Alexandrian school of 
philosophers (900 B.C.—400 A.D) which included such famous men 
of science of antiquity as Ptolemy (astronomer), Euclid (geometer) 
and Eratosthenes (geographer). Hero describes a scientific toy in 
which air was heated in a closed box and allowed to expand through 
8 pipe into a vessel below containing water. The water was thus 
forced up through another pipe into a vertical column producing an 
artificial fountain. There was, however, no suggestion to employ it 
on a large scale. In 1606, about two millenia after Hero, Marquesa 
Della Porta, founder of the Neapolitan Academy and one of the 
pioneers of scientific research in Europe, employed Bteam in place 
of air in Hero’s experiment in order to produce a fountain. He also 
suggested that in order to 611 up the vessel with water, it may be 
connected by a pipe to a water reservoir below. If the vessel filled 
up with steam be now cooled with water from the outside, steam inside 
will condense, a vacuum will be produced, and water will be forced 
up from the reservoir, replenishing the vessel again. This principle 
was utilised by Thomas Savery in 1698 to construct a water-pumping 
machine which is described below. He was the first man to produce 
a commercially successful steam engine which was extensively used 
for pumping water out of mines, and supplying water from wells. 

The principle utilised in this engine is illustrated in Fig. 1. V 
is a Bteam boiler, A, B and C are valves. The operation takes place 
in two stages:— 

* Recently during the second world vbt a new type of engine based on the 
rocket principle was developed in Germany and Italy. In these a high velocity 
jet of air escapes at the rear oF the machine which on account of the reaction 
thus produced moves forward with tremendous velocity. 
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(а) B is kept closed and A, C 
to P and forces the water to D. 

(б) A and C are dosed, and 
B opened. Cold water iB sprink¬ 
led on P. This condenses steam 
in P, a vacuum is created and 
water is sucked up from the pit 
E to P. After this the operation 
(a) may be again performed and 
a fresh cycle begun. 

Bavery's engine could not 
suck water through more than 34 
feet, but it could force up the 
water to any height. In fact, 
he sometimes forced up water to 
a height of 300 feet. This means 
that he used high pressure steam 
up to 10 atmospheres. This was 
a risky procedure though Papin had 
in using high pressure Bteam could 1 
of the safety valve. 


are open. Bteam passes from V 



Fig. 1.—Principle of Savory's 
engine. 


shown about 1080, how the risk 
>e minimised by the introduction 


Papin, a French settler in England, had discovered a method of 
softening bones by boiling them in a closed vessel under pressure. 
This, as we know, raises the boiling point of water to about 150°G 
and makes the water a very powerful solvent. Papin invented the 
Bafety valve which he attached to the boiler to prevent his vessel from 
being blown up by high pressure steam. This is shown in Fig. 2. 



The safety valve consisted of a rod LM 
pivoted at L and carrying a weight N at the other 
end. It pressed down the valve P which exactly 
fitted the top of the tube HH leading from the 
inside of the boiler. Whenever the steam pres¬ 
sure exceeded a certain limit, it forced up the 
valve P and the excess steam would rush out. 
By adjusting the weight of N or its distance from 
L, the maximum steam pressure could be regu¬ 
lated at will. 

4. Newcomen’s Atmospheric Engine* —The 

next forward step was the invention of Newco¬ 
men's Atmospheric Engine which waB designed to 
pump out water from mines and wells, and was 
in practical use for more than fifty years. This 


engine is interesting from the historical point of view since it directly 


led to the great inventions of James Watt, and it employed for the 
first time, the cylinder and the piston, which has been a feature of 


steam engines ever since. Fig. 8 (p. 204) illustrates the Newcomen 
Engine. 
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A is the cylinder, T is tho piston suspended by a chain from the 
lever pivoted to musonry works. The other arm of the lever carries 
the piston rod W ot the water pump which goes into the well. There 
is a counter-weight M to balance the weight of the piston T. The 
problem is to move the piston T up and down. 

This was achieved as follows:—Starting with the piston T 

at the bottom of A, steam is 
introduced from the boiler 
B which forces the piston 
up till it reaches the top. The 
steam is shut off by the tap 
D, and cold water sprayed 
through F which condenses 
the steam in the cylinder. 
Vacuum is produced inside 
the cylinder and consequ¬ 
ently the atmospheric pres¬ 
sure forces down the piston, 
D is again opened and a 
lrc&h c) cle begins. The 
water in the cylinder A 
drains out through a side 
pipe. 

For closing and opening 
the valvps automatically, a 
parallel motion guide was 
provided which carried 
mechanism for automatically operating the valves. The story goes 
that the invention was due to a lazy boy who was employed to close 
and open the valve by hand, but who tied a parallel rod to the swing¬ 
ing arm of the lever, and connected it by means of cords to the valveH, 
and leaving thiB rod to do liia work enjoyed himself all the while in 
playing. Whatever may be the origin, the parallel guide has been a 
permanent feature of steam engines ever since. 

In the Newcomen Engine, tho useful work is done by the at¬ 
mospheric pressure while steam is only employed to produce vacuum, 
hence the name atmospheric engine . It is easily seen that it iB very 
wasteful of fuel. 

5. James Watt —James Watt is commonly credited with the 
discovery of the steam engine. The circumstances which directed 
his attention to steam engine are pretty well known. He was an 
ingenious scientific instrument maker at Glasgow, and in 1703 he 
was asked by the professor of Physics at the Glasgow University to 
repair a Newcomen Engine belonging to them which had never worked 
well. While engaged in the repair of this machine, the idea occurred 
to him that the Newcomen Engine was awfully wasteful of fuel, and, 
being of an inventive temperament, he began to ponder and experi¬ 
ment on the production of a better type of machine. He web thus 



Fig. 3.—Newcomen’s Atmospheric 
Engine. 
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led to a series of investigations and contrivances which gave the steam 
engine its present form and rendered it a mighty factor in the on¬ 
ward march of industry and civilisation. We are describing some of 
his inventions below. 

6. Use of a Separate Condenser. —Watt observed that a large 
part of the expansive power of steam is lost on account of the fact 
that the cylinder is alternately heated and cooled. The expansive 
power of steam depends upon its temperature. Now when the steam 
enters the cylinder, which has been previously cooled to create a 
vacuum, some heat is taken up by tlie cylinder in becoming heated 
and is not converted into useful work. The temperature of steam 
falls and its expansive power is diminished, 
using the cylinder as condenser is that cold 
water entering the cylinder becomes heated 
and exerts appreciable vapour pressure, 
thus preventing the formation of a good 
vacuum. The problem was to condense 
the steam without cooling the cylinder. 

Watt achieved this by the use of a separate 
condenser. 

The principle of the separate conden¬ 
ser is illustrated in Fig. 4. AA is the 
cylinder in which the piston P moves to 
and fro. The piston is provided with a 
hollow tube PQ carrying a valve Q at the *«■ 4 
end such that Q allows steam to go out 

but is closed by the atmospheric pressure when there is vacuum in¬ 
side. Starting with the piston P at the bottom of the cylinder, R, 
S arc opened and the part of the cylinder above P is filled with 
steam, forcing out the air and residual steam through Q. Then 5 
is closed and T opened. The steam is drawn into the condenser G 
"which had been previously evacuated by the pump D, and is there 
condensed by the cold watpr surrounding the condenser. Conse¬ 
quently a vacuum is produced above P and steam from below pushes 
the piston P upwards, doing work on the weight W. Thpn T is 
closed, S opened and P is drawn down to the bottom by W and the 
cycle begins afresh. The pump D serves to remove the air and water 
produced from steam in 0. 

To kepp the cylinder hot. Watt further surrnundpd the cylinders 
bv a RWm box and wood Now-a-davs thp cylinders are jacketted 
with asbestos or some badly conducting substance, and then covered 
with thin metal sheets. 

7. The Double-acting Engine. —In the Newcomen engine we 
have seen that the atmosphere pushes down the piston. Shortly 
afterwards Watt employed steam instead of the atmosphere to push 
the piston down. The raising of the piston in the subsequent stroke 
was brought about bv a counter-weight attached to the other arm of 


Another disadvantage in 
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the beam. For these operations to be possible the upper end of the 
cylinder must be closed. Watt achieved this by means of a steam- 
tight stuffing box which is full of oily tow. This is kept tightly press¬ 
ed against the piston so that the piston can move through the cover 
without loss of steam. This was the so-called single-acting engine of 
Watt. Watt, however, soon realised that in this engine no work was 
done by steam during that stroke in which the piston was raised up 
by the action of the counter-weight. He saw that the power could 
be approximately doubled if during this useless stroke, Bteam is ad¬ 
mitted to the lower Side and the upper side is connected to the con¬ 
denser. This is achieved in the double-acting engine, invented by Watt, 
with the aid of a number of valves. A modern double-acting cylinder 
provided with valves is shown in Fig. 5. The cylinder haB ports or holes 
A, B, near its each end and between these lies another port E leading 
to the exhaust or condenser. To the cylinder iB fastened the 
steam chest C containing the D -elide valve 6. Steam from the boiler 
enters the steam chest at the top. In the position (a) Bteam enters 
the cylinder through the port B and pushes the piBton *to the left, 
thereby driving the steam in front through A to the exhaust E. As 
the piston moves to the left the slide valve moves to the right and 



Fig. 5.—Double-acting cylinder with Blide valve. 

closes both the ports A and B for a time, and later when the piBton 
reaches the extieme left position, B is closed and A opened. Steam 
then enters through A forcing the piston backward and driving the 
steam in front to the exhaust. This is shown at (b). The double- 
acting engine is now universally employed in all kinds of steam 
engines. 

The timely action of the slide valve is adjusted by means of an 
eccentric wheel attached to the moving shaft (see Fig. 7). In 
powerful engines as in locomotives the slide valve is often replaced 
by a piston valve which is very similar. 

8. Utilisation of the Expansive Power of Steam. —Watt’s 
another great invention was the so-called expansive working of 
steam. He saw that if steam is allowed to enter the cylinder all the 
time the piston iB moving outwards, the steam pressure in the cylinder 
will be the same as in the boiler apd though we get a powerful stroke, 
the expansive power of Bteam is not utilised. If, however, the steam' 
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is out off when the piston has moved some distance, the piston would 
complete its journey by the expansive power of Bteam, whose pressure 
will in consequence be reduced to almost that of the condenser. Thus 
more work is obtained from the same amount of steam by allowing 
the steam to expand adiabatically and hence the running of the 
machine becomes considerably economical. It iB thus of great 
advantage to use high pressure steam. 

It was mentioned in the last section that the slide valve doses 
both the ports A and B when the piston haB moved some distance. 
From this instant to the end of the stroke the steam is allowed to 
•expand adiabatically. 

9. The Governor and the Throttle Valve* —Another simple 
but very useful invention of Watt was that of the governor. This 
is a piece of self-acting machinery which controls the supply of steam 
from the boiler into the cylinder, and ensures smooth running of the 
engine at a constant speed. 

Watt’s governor is shown in 
Fig. 6. S ib a vertical spindle 
which is made to revolve by 
means of gearing from the en¬ 
gine shafts. Its speed, there¬ 
fore, rises or falls with the 
engine speed. It carries a pair 
of heavy balls which are fasten¬ 
ed to 8 by rods pivoted at P. 

The balls rise on account of 
centrifugal force as the spindle 
rotates, and as they do so they Fl „. 6 —Watt's governor with 
pull down a collar C which slides throttle valve, 

smoothly in the spindle S. Tho 

collar C fits into one end of a lever Ij, pivoted at Q. The other end 
is connected to a tap in the steam pipe called the throttle valve. As 
G is pulled down, the throttle valve tends to close the tap, the steam 
supply fallB off, and the engine speed falls. If the engine speed is too 
much diminished, the balls fall down, C is pushed up, and the throttle 
valve opens admitting more steam, and the Bpeed goes up. Thus the 
governor automatically regulates the speed at which the engine runs. 
Improved forms of governors are now employed in engines. 

10. The Crank and the Flywheel. —Watt was the first to convert 
the to-and-fro motion of the piBton into circular motion by means of 
the connecting rod and the crank. Thus the steam engine can be 
made to turn wheels in mills, work lathes and drive all kinds of 
machinery in which a rotary motion is needed. 

The connecting-rod B and the crank C are shown in Fig. 7 
at fa). The crank is a short arm between the connecting-rod 
and the shaft S. The oonnecting-rod is attached to the piston rod 
and consequently takes up the to-and-fro motion of the latter. As 
the oonnecting-rod moves forward it pusheB the crank and thereby 
rotates the shaft B. In the return stroke the circular motion 4§ 
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completed. There are, howover, two points in each revolution when 
the connecting-rod and the crank are in the same line and the pis¬ 
ton exerts no turning moment. 
These are called the 'dead 
centres.’ At two points when 
the crank is at right angles to 
the oonnooting-rod the torque 
is maximum. To prevent the 
large variation in the magni¬ 
tude of the torque producing 
variations in the speed of the 
shaft during a Bingle revolu¬ 
tion, a big flywheel F, shown 
at (c), is attached to the shaft. 
The flywheel on account of its 
large moment of inertia carries 
the crank shaft across the 
dead centres; in fact, it ab¬ 
sorbs the excess of energy sup¬ 
plied during a part of the half¬ 
revolution and yields back the 
same in the remaining part of 
the half-revolution when less 
energy is supplied. Thus the flywheel acts as a reservoir of energy 
which checks variations during a single stroke, while the governor 
prevents variations from stroke to stroke. 

Another mechanism to convert the to-and-fro motion into cir¬ 
cular motion or vice versa is the eccentric, shown at (5), Fig. 7. 
It consists of a disc mounted off its centre on the shaft S and sur¬ 
rounded by a smoothly fitting collar to which the rod is attached. 
The behaviour is as if there was a crank of length SC. Such an 
eccentric is mounted on the shaft carrying the flywheel (shown at c) 
and works the slide valve. The effects can be properly timed by 
suitably mounting the eccentric on the shaft. 

The essential parts of a simple engine are shown in Fig. B. 
They will be easily followed from the figure. 

11. Modem Steam Fngingg.—Since the time of Watt many 
important innovations have been introduced into the steam 
engine though the main features remain the same. The innovations 
were needed in order to suit the circumstances of ever-widening 
application of steam engines to various purposes. Watt always used 
steam engines with low steam pressure, and of a static type. He was 
evidently afraid of explosions. But engines using low pressure steam 
are comparatively inefficient, as we shall see presently, and in modem 
times high pressure engines have almost replaced the old Watt 
engineB necessitating the construction of special type of boilers. 

Condensers in modem engines consist of a number of tubes 
containing cold water kept in circulation by means of a pump, qqd 



Fig. 7.—Crank, Eccentric and Flywheel. 
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are further provided with a pump to remove the air and water pro¬ 
duced by steam on condensation. 


Again in powerful engines the 
high pressure steam is not allowed 
to expand completely in a single 
cylinder. The steam is partly ex¬ 
panded in one cylinder and passed 
oil to one or more cylinders where 
the expansion is completed. Such 
engines are known as compound 
engines and may consist of three 
or four cylinders. 

Bichard Trevithick was the first 
to construct a ‘locomotive,’ i.p., a 
steam engine which could draw 
carriages on rails. lie could nut, 
however, push his inventions 1 o 
financial success. It was left to 
George and Bobert Stephenson, 
father and son, to construct the first 
successful locomotive—the "Bac¬ 
ket”, and run the first railway train 
in 1829, between Liverpool and 
Manchester. Bobert Fulton was 
the first to apply the steam engine 
to ships in 1812. 


Fig. Q.—Main parts ol a Steam 
Engine. 



12. Efficiency of Engines and Indicator Diagrams. —The earlier 
inventors of steam engine had no clear idea of the Nature of Heat, 
and being engineers rather than physicists, they did not make seri¬ 
ous attempts at understanding the physical processes involved in the 
running of a steam engine. They measured efficiency by finding out 
- the quantity of coal which had to be burnt per unit of time in order 
to develop a certain power. This was rather a commercial way of 
measuring efficiency. 

An absolute measurement of efficiency is obtained from the first 
law of thermodynamics. A heat engine is merely an apparatus for 
the conversion of heat to work. Thp heat supplied is obtained by 
finding out the calorific value of the fuel consumed by burning a 
sample of the fuel in a bomb calorimeter (p. 03). If Q be the calori¬ 
fic value of the fuel consumed per unit of time and W the power 
developed, we can define the economic efficiency y as the ratio be¬ 
tween Q and W , viz., 17 = W/JQ. tj is accordingly the fraction of 
the heat converted to work. , 

For an ideal engine, rj should be unity. But actual experience 
t shows that is rather a small fraction. In Watt’s days, it was only 
5 %; now-a-days even in the best type of steam-engines, it hardly 
exceeds 17% 

14 
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The question arises whether this lack of perfectness is to be 
ascribed to the bad designing of heat engines, or whether there is 
something in the wry nature oi things which prevents us from con¬ 
verting the whole amount of heat to work. 

This question was pondered over by Hndi Carnot about a hun¬ 
dred joars ago. JIc showed that even with an ideal engine, it is 
never possible to convert more than a certain percentage of heat to 
work. 


It is very convenient to represent the behaviour of on engine 
by an indicator nun and hence in discussing the theory and per- 

iomumcc of heat engines this is always 
done. Suppose a certain uiuount of 
gas is e mi ained in a vessel at a certain 
temperature and pressure and occupies 
a certain vnJume. Evidently the state 
oi the substance is uniquely represent¬ 
ed by assigning its pressure and volume. 
Thus we can represent the state of the 
by a point A (Fig. 0) on a graph 
such that the abscissa of the point re¬ 
presents the volume of the gas arid the 
v r ordinate represents the pressure. 

Fig. 9.—Thr indicator Let the pressure and the volume 

of the gas be changed to that corres¬ 
ponding to the point 11 and suppose the pressure and the 
volume throughout this change are represented by points on the 
line AIL Then this op ration is represented by the line AH on this 
diagram. Such p-v diagrams are known as indicator dint/rams. 

As proved nil p. 40 the woik done by the gas in expanding against 
a pressure p is pfiv. Jn this ease sine * p changes from point, to point 
/he total work done by the gah in expanding from v a to vi, is equal 



to 



and is evidently equal to the area AabJL 


Thus the 


indicator diagram directU gives the work done. 

13. The Cflmot Engine.—As we have seen, the function of the 
steam engine is convert the chemical energy stored in coal to 
energy of motion by utilising the expansive power of steam. 

The machinery necessary for this purpose is, however, so com- 
pFrated that one is apt to lose sight of the essential physical prin¬ 
ciples in the details of mechanical construction. Let us, therefore, 
discuss the physical principles involved in the running of a heat 
engine. Three things are apparently necessary, viz., a source of 
heat, a working substance, and machines. In the steam engine, the 
source of heat is the furnace where heat is supplied by the burning 
of coal. But. we may get heat by a variety of other means, e.g. 9 
bv burning oil, wood, nnnbtha. or even directlv from the sun (solar 
•engines), or from the inside of volcanoes (as is sometimes done in 
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Italy). Wo can, therefore, replace the furnace by the general term 
“reservoir of heat.'* For steam, we can use the general term 
“working substance/ 1 for any substance which eiqmnds on heating 
cun be used for driving heat engines. As a matter of fuct, we have 
got hot air engines in which air is heated by a gas burner or a 
kerosene lamp, and pushes the piston up and down as steam would 
do 

In addition to the three requisites mentioned above, we require 
a fourth one, viz., the possibility ot having a temperature difference. 
Tftis at first is not so apparent, but can easily be made clear. In a 
hot air engine, the heated air can push the piston outward since 
the air outside is at a low r er temperature. If there were no difference 
of temperature, no difference of pressure could bo created, hence the 
machine would not work. We, therefore, require not only a source 
of heat, but also sink, i.e., a heat reservoir at a lower temperature. 
In steam engines the surrounding air ucts as tlie sink of heat or 
condenser. 


Carnot observed that the functinn of the machine is to extract 
a certain quantity of heat Q from the heat reservoir F, convert a 
pail of it to work and transfer the rest to the heat sink G. He 
also showed liow those operations should be carried out so that the 
eM eicncy may be maximum. 

Since whenever there is a difference of temperature, there is a 
possibility of converting heat to work, Hie convene is also true, i.e. 
if v is allow' heat to pass from F to G by conduction, wo miss our 
opportunity of getting work. Hence wo must extract heat from F 
in such » way that loss of heat by conduction is reduced to a mini¬ 
mum. Carnot, therefore, thought of the fallowing ideal arrangement. 


F is a lieat reservoir at temperature F (Fig. 10), G a heat¬ 
sink at T\ S is the cylinder of the engine containing a perfect 
gas instead of steam as the work¬ 
ing substance and fitted' with a A k- 

non-conducting piston. The walls i\ 

of the cylinder are impervious to heat p ; 
but the bottom is perfectly conduct- j >Vs vB 

ing. The behaviour of the working F jffl ; \ 

gas is shown by the indicator diagram j J| ! N&t 

showing the pressure and the volume ■ ! 

of the gas at any instant. Let the G j j j 

following stops be performed:— T 1 JB a! Id jb \t 

V 

(1) Let the initial temperature g| i g 

of the gas within S be T and let it | g^^*s*****» 

be placed in contact with F, and the 5 

piston moved forward slowly. Ab w ^ t 

fte piston moves the temperature «*■ ftiS SELT*" 
/tends to fall, And heat will pass * 

from P to B. The operation is performed very slowly, so that {he 
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temperature of the g&B is always T. The representative point on the 
indicator diagram moveB from A to B along an isothermal curve. The 
heat Q extracted in this process is equal to the work done by the 
piston in free expansion, and is given by 

= Q = f Vdv = BT log, = area AabB. ... (1) 

Ja v a 

(2) F is then removed and H, which is simply a non-conducting 
cap, iB applied to the cylinder, and the piston allowed to move for¬ 
ward (by inertia). Then the gas will describe the adiabatic BC and 
will fall in temperature. We Btop at C when the temperature has 
fallen to T'. The work done by the gas is given by 


■ Jb Jb «’ l-7L’C r - 1 
i r ~\ r(t-t') 

= -j— I TcVc -Pb t 'bJ = y l = area B1 


= area BbcC. 


where pv* = K = p c v c r = p B r B r . 

Bince the pressure is now very much diminished, the gas has 
lost itB expansive power, hence in order to enable it to recover its 
capacity for doing work it must be brought back lo its original con¬ 
dition. To effect this we compress the gas in two stages: firat, 
isotherm ally along the path CD, and then adiabatically along DA. 
The point D is obtained by drawing the isothermal T 7 through C, 
and the adiabatic through A. 

( 8 ) During the isothermal compression, the cylinder is placed 
in contact with the sink G at T'. The heat which is developed 
owing to compression will now pass to the sink. This is equal to 
the work done on the gas and is equal to 

w a = Q' = f pdv = RT 7 log*—9= area CcdD. . ( 8 ) 

Jd v d 

( 4 ) The cylinder 6 is now placed in contact with H and the 
gas is compressed adiabatically. The work done on the gas by adia¬ 
batic compression is 

= f pdv = —— (T — area DdaA. . . (4) 

Ja y-1 

It is thus Been that w 2 = w A . 

The net work done by the engine 

W =w 1 + w 2 -w a — w A = area ABCD.( 5 ) 

= « Q-Q' .( 6 ) 

The last result can be written down directly from the first law 
of thermodynamics. 

Since B and C lie on the same adiabatic, we have by equation 

24, p. 48. 

Tv *** 1 = TV **- 1 
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or 

v, /T Y' (v-1) 

«* “ \2V 

• P) 

Similarly, 

v * « = p , the adiabatic expansion ratio. 

Hnnoe 

v a 

v, v d ' 


or 

V * - = r, the isothermal expansion ratio. 
v a v a 

We have, 

therefore, 



Q= RT log r, Q’ = RT log r 


and 

W = Q-Q' « R(T—T) log r. 

• • (8) 

Hence 

Q Q' W 

1J} = rpt *== ' 

• • ( 9 ) 

or 

„ _ /T—T’ \ 

T “I- ■ • 

• (10) 

Thu4 the efficiency of the Carnot engine is 



W T-T’ V 

v - Q~ t a• 

■ • (ID 


--fir. 

(12) 


Having analysed the mode of operation of the Carnot cycle, we now 
proceed to show that (1) it is reversible at each stage, (2) that no 
engine can be more efficient than the Carnot engine, (8) that the 
nature of the working substance is immaterial. 

14. Reversible and Ineveisible Processes. —A reversible process 
is one which can be retraced in the opposite direction so that the 
substance passes through exactly the same states in all respects as 
in the direct process. Further, the thermal and mechanical effects 
at each stage should be exactly reversed, i.fi., the amounts of heat 
received and of work done in each step should be the same as in tha 
direct process, but with opposite sign. That is, where heat is 
absorbed in the direct process it should be given out in the revered 
process and vice versa , and where work is done by the working sub¬ 
stance in the direct process, an equal amount of work should be 
done on the working substance in the reverse prooeBB. Processes in 
whioh this does not take place are called irreversible. 

For greater clarity we may add some examples of reversible 
processes. The transfer of heat from one body to another can be 
reversible only when the two bodies are at the Bame temperature. 
In case of two bodies at different temperatures, the transfer of 
heat occurring by conduction or radiation cannot be reversed and 
the process is irreversible. 
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We shall now consider examples of reversible processes. It is 
clear from the above definition that the process of bringing an elastic 
substance into a definite state of stress very slowly is reversible 
because for a given strain the substance has always a definite stress. 
A convenient mechanical example of a reversible process is afforded 
by the performance of a spring balance in the following way. When 
the spring is very slowly stretched work is done upon it. If, on the 
other hand, it is allowed to contract slowly by the same amount, 
the same amount of work is done by the spring, for the work done 
in increasing the length of Ihe spring by 81 is equal to the product 
of the force F and 81. Both these quantities depend upon the state 
of tlio spring at the instant and will liuve the same value whether 
the spring is expanding or contracting. Thus the work done upon 
the spring in stretching will he equal to the work done by the spring 
w r hile contracting duiing the reverse process and the process is 
reversible. It is essential , however, that the stretching must he 
produced or redured gradually by the application of an external force 
which should differ infinitesimally at every instant from the stress 
developed in the spring , otherwise a part of the work will be spent 
in Betting up vibrations of the spring and this will produce irreorr- 
sibility. Such a process is called a quasi-static process and consists 
essentially of a succession of equilibrium states. 

The case of elastic fluids is analogous to that of the spring. To 
every volume of the fluid there corresponds a definite stress oi 
pressure, so that the amounts of work done during a balanced expan¬ 
sion or compression are equal. This is an important example of a 
reversible process. It is important to note that the expansion should 
be balanced otherwise whirls and eddies may be set up in the fluid 
which will gradually subside on account of fluid friction with the pro¬ 
duction of heat and thus a part of the mechanical work would be 
lost. Such expansion or contraction may be either isothermal or 
adiabatic and can be brought about eusily by applying pressure on 
the piston enclosing tlio fluid and adjusting the pressure to differ from 
the fluid pressure by an infinitesimal amount. 

Examples of irreversible processes are (1) sudden unbalanced 
expansion of a gas, either isothermal or adiabatic, (2) Joule-Thomson 
expansion, (3) heat produced by friction, (4) heat generated when a 
current flows through an electrical resistance, (fi) exchange of heat 
between bodies at different temperatures by conduction or radiation, 
(6) diffusion of liquids or gases etc. Examples (1) and (2) exhibit 
internal or external mechanical irreversibility, (4) and (5) exhibit 
thermal irreversibility, and (6) exhibit chemical irreversibility. 

A reversible process may be represented by a line on the indicator 
diagram (p, v) but an irreversible transformation cannot be so 
represented. 

15. Reversibility of the Carnot Cycle. —It is now important to 
notice that the Carnot cycle is reversible at each stage, i.e. ( instead 
of abstracting the heat Q from a source T and transferring a part Q* 
to a sink T and converting the balance Q-Q' to work, we can proceed 
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in such a way that the machine abstracts the heat Q' from the sink 
at T' f then we peiform the work W on the machine, ami Q is trans¬ 
ferred to the source at T. This is done by proceeding alon* the 
reverse route ADOBA, f.c., first allowing the gas to expand adiahati- 
cally from A to I), then allowing it to expand isothcimallv from I) 
to C in contact W’ith the sink at T', the hent Q' being extracted in 
the process. Then we compress the gas ndiiibatically till w*e reach 
tlm point B (temperature T). Kext S is placed in cmtuct with the 
source, the gas is further compressed isotherraully tiU we reach A, and 
the heat Q is transferred to the body at the higher temperature T. 
The machine, therefore, nets as a refrigerator, i.e. t by performing 
the w'ork W on it, we arc depriving a coMcr body T' of’the lieat Q f . 

An engine in which tlio working substance performs a reversible 
cycle is called a reversible engine. Engines in which tlic cycle is 
irreversible are nailed irreversible engines. For the Carnot cycle to 
bo reversible it is essential that the working substance should not 
differ sensibly in temperature from that of the hot body and the 
condenser whpn it is exchanging hent with them. There should be 
no transfer of lieat by conduction in the usual sense, for it would be 
irreversible. This requires that the isotheimal processes AB, CD 
should he described indefinitely slowly, and the source and the con¬ 
denser must linve an indefinitely large capacity for heat so as not to 
change in lompcuature during the process. 

Again tin* piston should move very slowly without friction. The 
ah an gen in volume should be brought about hv very small changes in 
flip load on the* piston in both the isothermal anti adiabatic processes, 
so that the difference between the external pressure anti the pressure 
of the gas should always be infinitesimally small. Thus the Carnot 
cycle postulates the existence of stationary Mates of equilibrium 
while in an actual process the physical state is always changing. 
Further theie should be no loss of heat by conduction from the gas 
to the piston and cylinder. It will thus be seen that the Carnot cycle 
with its perfect reversibility is only ideal and cannot be realised in 
practice. 

Nevertheless, it should be noted that for theoretical purposes the 
deviations from the ideal state may be rightly neglected if they are 
not an essential feature of the process nnd if they can be diminished 
as much as may be desirud by suitable devices and then corrected for. 

16. Carnot’s Theorem. —The idea of reversibility is of the great* 
est importance in thermodynamics for the reason that, working 
between the same initial and final temperatures, no engine can be more 
efficient than a reversible engine. This is known as Carnot’s theorem. 
We now proceed to prove this important theorem. 

Suppose we have two engines R and S, of which R is a reversible* 
engine and S an irreversible engine. If possible, let S be more 
efficient than R. Suppose S absorbs the heat Q from A, converts 
a part W to work and returns the rest, vie., Q-W* to the condenser. 
Let S be coupled to R (Fig. 11) and be used to drive R backwards. 
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Wo are using R as a refrigerator. It thus abstracts a certain 

amount of heat from B, has the 
work W performed on it, and 
returns tho same heat Q to the 
Bource A. The amount of heat 
that R abstracts from B must 
equal Q — W. Now since S is 
assumed to bo more efficient them 
It, W'>W and hence Q — 
Q-W', viz.. It abstracts more 
heat from B than S restores to 
it. Thus the net result is that the 
compound engine US abstracts 
lioat (TV" — W) per cycle from B 
and converts the whole of it to 
work, while tho source is un¬ 
affected. We are thus enabled, by a set of machines, to deprive a 
body coutinuously of its heat-content and convert the whole of it 
to work without producing any change in other bodies. The machine 
would thus vork simultaneously as a motor and a refrigerator and 
would be Ihc most advantageous in tho world. It does not violate 
the first law fur we are creating euergy out of heat. 

Impossibility of perpetual motion of the second type. —But still 
the process is quite as good as perpetual motion! of the first kind, 
for heat is available to us in unlimited amount in the atmosphere, in 
the soil or the ocean, and if the process were feasible, it would give 
us all essential advantages of a perpetual motion machine, viz., that 
of getting work without any expenditure, though not without energy. 
Human experience forbids us to accept such a conclusion. J Hence 
we conclude that no engine can be more efficient than a reversible 
engine. 

Again, if we assume that a reversible engine using a particular 
working substance is more efficient than another working with a differ¬ 
ent substance, wc arrive by a similar argument at the same absurd 
result. Hence the efficiency is the same for all reversible engines 
and this is the highest limit for the efficiency of any engine that can 
be constructed or imagined. This is Carnot’s theorem. Thus rever¬ 
sibility is the criterion of perfection in a heat-engine. Hence we see 

* Reproduced from Ewing’s Steam Engine by the kind permission of Messrs. 
Macmillan & Co. 

t This was a term in use amongst the medieval philosophers who thought that 
a machine might be invented some day which will create work out of nothing. 
For some mechanical contrivances which were intended to produce perpetual 
motion see Andrade, Engines, page 14. The gradual evolution of the Law of 
Conservation of Energy leading to the first law of thermo dynamics showed that 
the idea iB purely chimerical, since energy can never be created out of nothing, 
but can only be transformed from one form to the other. 

X This result of human experience is the fundamental basis of the Second 
Law of Thermodynamics. In fact, Kelvin stated the eecond law in this form. 
For fuller discussion, see Chap. X. 
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that the efficiency of a reversible engine is maximum and is inde¬ 
pendent of the nature of the working substance. We chose perfect 
gas as our working substance, since its equation of Btate being known, 
we can easily evaluate rj. 

Note: —It may be mentioned that Carnot was ignorant of the 
true nature of heat at the time when he published his theorem of 
efficiency. He followed the old caloric theory in his speculations 
according to which the quantity of caloric Q contained in a substance 
was invariable. It was Clapeyron who showed that Carnot's argu¬ 
ments and results remained intact when the Kinetic Theory of Heat 
was introduced. 

17. Rankin g* j Cycle.—In the steam engine, as we saw in the 
foregoing pages, the working substance is a mixture of water and water 
vapour. If, however, we perform the same Carnot cycle with this 
fluid as with perfect gas the efficiency would also be the same (Carnot's 
theorem). But the Carnot cycle was performed with the working sub¬ 
stance always in the same cylinder. We have already seen that with 
a view to prevent the wastage of heat consequent on alternate heating 
and cooling of the cylinder the modem engines ore provided with 
separate boiler, cylinder and condenser. Still, however, if the work¬ 
ing substance were to perform the same cycle the efficiency would be 
the same. But with the organs so separated the adiabatic compres¬ 
sion of the working substance in the last stage of the cycle becomes 
impracticable. Hence the cycle is modified into what is known as 
Rankine’s cycle. 

The Rankine cycle is represented in Tig. 12. AB represents the 
conversion of water into steam in the boiler at temperature T, and 
pressure p t and its admission into the cylinder, BC the adiabatic 
expansion in the cylinder, CD the transfer of steam from the cylinder 
to the condenser at T, and p a and its condensation, and DA the 
transfer by a separate feed-pump to the boiler. This separate feed¬ 
pump transfers the condensed water at D 
' at T a and p, to the boiler and the pressure 
is consequently raised from p a to p,. At 
A the water is heated from T ? to T x in 
the boiler and the cycle begins afresh. 

The indicator diagram for an engine per¬ 
forming the ideal Eankino cycle is repre¬ 
sented by ABCD and this also represents 
the work done by the engine. The area 
FADE, usually called the feed-pump term, Fig. 12.— 1 The Rankina cycle, 
is extremely small and is generally neg¬ 
lected. The work done by the engine may, therefore, be put equal 
to the area FBCE. This area can be calculated in muoh the same- 
way as on p. 212 if we know the equation of state of steam. This 
is cumbrous and in engineering practice a simple procedure is adopted. 

Let us introduce the total heat function H = U+pF. Then 
dH a dU+pdV+ Vdp = Vdp 

for an adiabatic process, since in this case dU+p<Z7=sO. 
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Integrating between the limits D and C (Fig. 12) we get 

The right-hand side represents the area FBCE. lienee the work done 
in Rankino's ejele per grum-molecule of steam is approximately 
equal to J/jj -//c- 

The heat taken in by the working substance is that required to 
convert water at p t and T a into steam at p x and 7\. This is equal to 

H t - [ H w + (j>j — p 2 )i w>J = Hg — Ihit approx. 

where H § . H, a denote the total heat cf steam at p lt T x and Qf water 
at p s , T 3 respectively, V w the volume of Water at 1). The efficiency is 

Hr 

The values of the total heat function are readily obtained from steam 
tables or charts. 

It will be seen that the efficiency in Eankine’s ejrle is less than 
in Carnot cycle tor in the lormer some beat (viz., that inquired to heat 
the feed-water in the boiler from T 2 to 1\) is taken at a lower tem 
perature. In actual steam engines the efficiency is only about 
60—70% of the Rankinp ideal inul their indicator diagram resembles 
Fig. 12 with the corners rounded off. 


INTERNAL COMBUSTION ENGINES* 

18. Historical Introduction. —Like other types of heat engines, 
the idea of this type also dates Jrom medieval times. Ch. I£u\gens p 
the great Dutch physicist, proposed in IfiBO an engine consisting of 
a vertical cylinder and piston, in which the piston would be thrown 
upwards by the explosion of a charge of gunpowder. This would fill 
tlie cylinder with hot gases which w T ould eventually cool, and the 
piston would be forced down by gravity. Each stroke would require 
a fresh charge of gunpowder. 

This engine wras never used, probably owing to the difficulty of 
introducing fuel after every explosion but the idea persisted. Thu 
discovery of combustible gases (coal gas, producer gas...) and of mine 
ral oils brought the idea within the range of practical possibilities, as 
the difficulty of supplying fuel promised solution. But many loug 
years of practical and theoretical study were necessary before such 
engines became commercially possible. 

* These are called internal combustion engines because in them heat is pro 
duced by rombusion of fuel inside the cylinder in contrast with the Bteam engine 
which may be called ejefernal combustion engine because in this case heat is 
produced in the boiler. The internal combustion engine is much more efficient 
then the steam engine because the working substance can be heated to a much 
higher temperature (2000°C.). 
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It is not possible to go into the details of these early attempts, 
and it will suffice to describe and explain the action of the two types* 
which have survived, vis,, (1) the Otto engine in which heat is ab¬ 
sorbed at constant volume , (2) the Diesel engine in which heat is 
absorbed at constant pressure. Nearly 80 per cent, of internal com¬ 
bustion engines today are of the Otto type. We shall compare the 
action of these engines with that of the ideal Carnot engine in which 
heat is absorbed at constant temperature. 

19. The Otto Cycle. —The Otto \ cycle which we arc now going 
to describe was originally proposed by Deau de Ilochas (1862), but 
the practical difficulties were first overcome by Otto in 1876. The 
working of the engine will be clear from Fig. 13. The engine consists 
of the cylinder anil the piston, the cylinder being provided with inlet 
valves for air and gas (if gas is used for combustion), and exhaust 
valves. The opening and closing of these vabes are controlled by 
the motion of the piston. There ute four strokes in a complete cycle: 

(i) The Charging Stroke .—hi this the inlet valves are open, and 
a suitable mixture of air anil 
gas is sucked into the cylinder 
by the forward motion of the 
piston. 

(ii) The Compression 
Strokc .—During this stroke all 
the valves are closed, and the 
combustible mixture is com¬ 
pressed adiabatioally to about 
1 /5th of its original volume by 
the backward motion of the 
piston. The temperature of the 
mixture is thereby raised to 
about G00 D (J. 

At the end of the compres¬ 
sion stroke, the mixture is fired 
by a scries of sparks. 

(iii) The Working Stroke, 

—The piston is now thrown 
forward with great force, since 
owing to combustion a large 
amount of heat is developed 
which raises the temperature of 
the gas to about 2000°C and a 
corresponding high pressure is developed. 

* Sometimes internal combustion engines are divided into (1) gas engine, (2> 
oil and petrol engines. It is, however, more scientific to divide, them with regard 
to the cycles they follow and not with regard to fuel. Hence the engines have 
been divided into the constant volume, constant pressure and constant temperature 
type. 

t Nikolaus Otto (1B32-1891), bom at Behlangenbad in Germany, is beet knoww 
as the inventor of the four-stroke gas engine. 



Fig. 13.- -The four strokes of the Otto 
engine. 
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(Iv) The Scavenging or the Exhauet Stroke .—At the end of the 
third stroke, the cylinder is filled with a mixture of gaBes which is 
useless for further work. The exhaust valves are then opened, and 
the piston moves backward and forces the mixture out. After 
scavenging is complete, a fresh charge of gas and air is sucked in 
and a fresh cycle begins. 

The thermodynamical behaviour is illustrated in the indicator 
diagram (Fig. 14). 

It should be remembered that air is the working substance in 
the Otto engine, the function of gas or petrol being merely to heat 
thB air by its combustion. EG represents 
the suction stroke (gas and air being Bucked 
at atmospheric pressure). CD represents 
the compression stroke. At D (pressure 
about 5 atmospheres, temperature about 
600°C) the mixture is fired by a spark. A 
largo amount of heat is liberated, and the 
representative point shifts to A (tempera¬ 
ture 2000°C., pressure about 15 atmos¬ 
pheres), volume remaining constant. AB 
represents tho working stroke. At B the 
exhaust valve is opened, and the pressure 
falls to the atmospheric pressure CYj. CE 
ri is the scavenging stroke. 

The cffioicnry of the engine can be easily 
worked out. The amount of heat added 
= C r (T a — T,i) where C 9 is the specific heat 
at constant volume. (We suppose that this quantity retains the 
same value between 000°C. f and 2000°C. which is only approximately 
true.) 

Heat rejected = fl p (7b —^o)- 
T 6 -T c 
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Fig. 14.—Four-stroke 
Otto cycle. 


Hence efficiency ij = 1 — 


T m -T d 


(18) 


From tho relation !ZT V-1 = constant for an adiabatic (see p. 48, 
equation (24), we obtain 


T. /FA'-’ 
'lb \ij 



(14) 


where p is the adiabatic expansion ratio. Hence 

/ 1 y - 1 

'j.-u \ P ) 


Therefore the efficiency 

.(15) 

We obtain a similar expression for efficiency in terms of the adia¬ 
batic compression ratio &b we get in a Carnot cycle (see equation 12, 
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p. 213). The question arises: why not try to make the Carnot cycle 
a practical possibility? 

We shall now treat this question in more detail. In designing 
a machine, other factors have to be taken into consideration besides 
the mere question of theoretical efficiency. The engine must be, in 
the first place, quick-acting i.e. t a cycle ought to be completed as 
quickly as possible. This practically rules out the Carnot engine as 
it takes up heat at constant temperature, the process is therefore, 
very slow and the engine becomes very bulky and heavy in relation 
to the power output. In the Otto engine, the absorption of heat is 
almost instantaneous. But even where quickness is not the deciding 
factor, there are other weighty arguments against the adoption of the 
Carnot cycle. Pressure inside the cylinder varies during a cycle, and 
the machine must be so designed that it can withstand the maximum 
pressure. Hence practical considerations impose a second condition, 
i. 0 ., the maximum pressure developed inside the cylinder during a 
cycle should not be too great. Further, we must have a reasonable 
amount of work per cycle. 

Now due to the adiabatic compression in the last stage of the 
Carnot cycle an enormous pressure is developed. A detailed consi¬ 
deration taking numerical values shows that working between the 
same two temperatures, say 2040°K and 840°K the Carnot engine 
develops a maximum pressure of about 1000 atm., while in the Otto 
engine it is only about 27 atm., though of course, the efficiency i m 
reduced from 83% to about 44%. The Carnot engine also requires 
a large volume for the cylinder. These considerations show clearly 
that the Carnot engine is quite impracticable. It will have to be 
very bulky and very stout and the power output will be extremely 
small compared to its bulk. 

In the case of the Diesel cycle which is described in the next 
section the maximum pressure developed is about 35 atm. and the 
efficiency rises to about 55%. It is for this reason that the Diesel 
engine is employed in cases where we want a large output of work. 

20* Diesel Cycle. —Diesel* was dissatisfied with the low efficiency 
of the Otto engine and began investigations with the idea that the 
efficiency of the Carnot cycle may be reached by certain other contri¬ 
vances. He did not succeed in his attempt, but was led to the 
invention of another engine which, for certain puiposes, presents 
marked advantages over the Otto engine. 

Now sinoe 

’—(fr 

it is easily seen that if the compression ratio p can be still further 
pushed up, i) would substantially increase. But in the Otto engine, 

* Rudolf Diesel (1853-1913), bom in Paris of German parentage, was (he 
inventor of the heavy oil engine. He was engineer at Munich. 
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p cannot be increased beyond a certain value (about 5) otherwise the 
mixture would be tired during compression before the spark passes. 

In the Diesel engine no gas or petrol is introduced during com¬ 
pression. The indicator diagram for the cycle is shown in Eig. 15. 

In the lirst stage pure air is sucked 
in (EC in Eig.) and compressed to 
about one seventh of its volume 
(CD in Eig.). A valve is then 
opened, and oil or vapour is forced 
under pressure. Tho oil burns spon¬ 
taneously us the temperature in 
the cylinder is about 1000 o C. and 
above the ignition point of the fuel. 
The supply of oil is so regulated 
that during combustion, as the 
piston moves forward, the pressure 
remains constant (DA). At a 
certain stage, when the tempera¬ 
ture has reached the maximum value, about 2000 D K t the supply of 
oil is cut off. The piston is allowed to move forward, describing the 
adiabatic AD. At D a valve is opened, und pressure drops to C. CE 
is tho scavenging stroke in which the useless gas mixture is forcod 
out, and the apparatus becomes ready for a fresh c^cle. 

The Diesel cycle can be performed in a cylinder of the typo shown 
in Fig. 10. The cylinder is provided itli the air inlet, tho oil supply 



Oil valve 




(«) W M id) (e> 

Fig. 16.—Strokes in a Diesel Engine. 

(a) Beginning of suction stroke; air-valve open. 

(ft) Beginning of compression stroke; oil valves dosed. 

(e) Beginning of working stroke; oil valve onen. 

(rf) Working stroke in progress. End of fuel injection; all valves dosed, 
(s) Beginning of scavenging stroke; exhaust valve open. 


and the exhaust valves. The action of the cycle will be very dearly 
followed from the figure. 
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Instead of opening a valve at 13 we may allow the gas to expand 
as far as 1 ° where the inside pressure has fallen to atmospheric pressure, 
and the air mixed with the burnt gas be forced out by a back stroke 
FC. As this would involve a rather large volume for the cylinder, 
this procedure is not adopted in actual practice. 

\Vo hhall now calculate the etlicicncy of the Diesel engine. Let 
us first calculate the efficiency for the imaginary cycle AFCI). 

Heat taken = 

Heat rejected ^ C V [T /-'/«). 

From the relation p = rT Y/ v “ 1 >(equation 25, p. 48) we have 



So we have for the efficiency the same formula as for the Carnot 
nr fho Otfo ejele. I3ut in the Diesel engine the cylinder is designed 
for a maximum pressure of about 34 atmosphere?. This determines 
the compression rulio because pJp B - p v - 34. This gives p = 12 0 
and rj— 03%, which ih a substantial improvement on the Otto engine. 

ftut as stated above, wo have to take the cvcle DADO. Heat 
Is rejected ut constant volume, lienee heat rejected is equal to 

c,(n-T c ). 


^ C p T a -T d >. (18) 

' which yields a lower value of about 55 %. 

The Diesel engine, therefore, consumes less fuel than the Otto 
engine, but as it has to withstand a higher pressure it must be more 
robust. Also the mechanical difficulties are much greater, but they 
have been successfully overcome. 


21. Semi-Diesel Engines. —We have seen that in Diesel engines 
a large compression ratio (17 to 1) is employed and the maximum 
pressure developed is enormous (35 atm.);‘further, a costly high 
pressure air blast is necessary to force the liquid fuel into the cylinder. 
To avoid these tho Semi-Diesel engine, also called the hot-bulb engine, 
has been invented. In this air is compressed to about 15 to 20 atm.* 
instead of 35 atm. This air does not vet become hot enough to ignite 
the oil and is consequently pnssed through a hot bulb where it is 
heated by contact with the bulb to the required temperature. The 
hot bulb is simply a portion of the cylinder which is not cooled by (he 
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water jacket. It consequently becomes much heated and serves to 
heat the compressed air. Next the oil (fuel) is injected into this hot 
bulb where, by the combined action of the compressed air and the hot 
bulb, it ignites. For starting the machine the hot bulb must be 
heated by a separate flame. After a few cycles the bulb becomes 
hot and begins to function properly. Then the external flame is 
removed. The semi-Diesel engines now-a-days are generally two- 
Btroke oil engines without automatic control valves. 

22. The “National” Gas Engine. —We shall now describe a 
typical Otto engine. Fig. 17 shows a 100 horse-power 1 ‘National" gas 
engine. 


I 



Fig. 17.—The "National” gas engine. 


The engine is a stationary horizontal one having a single cylinder 
AA. The piston PP is attached to the crank shaft by the connecting 
rod CC and fits gas-tight into the cylinder AA. H is the combustion 
chamber having the inlet valve I, the gas valve G and the exhaust 
valve E. The cylinder, the combustion chamber and the valve casings 
are cooled by the water jacket WW. L is the lubricator, V, V are 
plugs which may be removed in order to examine the valves. M is 
the ignition plug where a spark is produced by the "Magneto" and 
serves to ignite the charge. The various valves and the magneto are 
worked by suitable caniR mounted on a shaft driven by the crank 
shaft. 

The working ot the machine is identical with that indicated in 
Fig. 13. The machine is started by rotating the fly-wheel so that 
the piston commences its outward stroke. An explosive mixture is 
introduced and ignited, and the piston is thrown forward. Then the 
working follows as indicated on p. 219. 

23. Diesel Four-Stroke Engines. —These engines employ a cylinder 
and valves of the type shown in Fig. 16. In constructional design 
they are not much different from the Otto engine. They are further 
provided with a high pressure air blast for injecting the liquid fuel. 
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24. The Fuel. —Some engines employ gaseous fuels the chief of 
which are coal gas, producer gas, coke-oven gas, blast-furnace gas, 
water gas and natural gas (chiefly methane). The common liquid 
fuels are petrol, kerosene oil, crude oil, benzol and alcohol. In the 
Otto engine, if liquid fuel is used, it must-be first vaporised and then 
admitted. Diesel engines generally employ crude oils and hence their 
fuel is very cheap. 

25. Applications. —During the brief period of fifty years the 
internal combustion engines have been much developed and employed 
for a variety of purposes. The steam engine, we have seen, is very 
wasteful of fuel, but the internal combustion engine is much more 
economical and has consequently been widely employed. 

The Otto four-stroko engine is usually employed in motor cars 
and aeroplanes. Petrol vapour is used as fuel in both cases. Pour- 
stroke Diesel engines are largely employed in driving ships. Where 
very large power is necessary, the two-stroke Diesels are in common 
use. Diesel engine is more efficient and more economical of fuel. 
Still has combined a steam engine with a Diesel engine and has 
obtained much greater efficiency in steam locomotives (Still-Katson 
locomotives.) 

STEAM TURBINES 

26. The Steam Turbine.—We shall now give a brief description 
of the engines belonging to the windmill type. Windmills are set in 
motion by the impact of wind on the vanes of the mill, and at first 
Bight it may appear strange why they should be classed as heat 
engines. But a little reflection will show that the wind itself is due* 
to the unequal heating of different parts of the earth’s surface, hence 
the designation is justified. But wind-power iB rather unreliable, 
hence steam turbines were invented in which the motive power is 
supplied by the artificial wind caused by high pressure steam. There 
are two t\pes of turbines:"—(1) The Impulse Turbine in which steam 
issuing with great velocity from properly designed nozzles strikes 
against the blades set on a turbine wheel and in passing through them 
has its velocity altered in direction, This gives an impulse to the 
wheel which is thereby set in rotation. (2) The Reaction Turbine 
is somewhat similar in principle to the Barker's Mill which, as a 
laboratory toy, has been known to generations of students. In this 
the wheel is set in rotation in the opposite direction by the reaction 
produced by a jet of steam issuing out of the blades set in the wheel. 

Though the steam turbines are simple in theory, in practice great 
mechanical and constructional difficulties had to be encountered, but 
thanks largely to the efforts of De Laval, Curtis and most of all to 
Sir Charles Parsons who may be described as the James Watt of the 
steam turbine, these difficulties were successfully overcome. To-dpy 
the turbine is a prime mover of great importance and is almost, 
exclusively used as the source of power for all large power land 

15 
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stations for the generation of electricity and propulsion of big ships, 
'iheir great advantage lies in the fact that instead of the reciprocating 
motion ol the omuiury bteuzn engine, a unnorm rotary motion is 
produced by u constant torque appind directy to the shalt. r ihey are 
more eilicient than other engines because there is no periodic change 
ol temperature in any of their parts and lienco no heat is wasted. 
The lull expansive power of steam can be utilised under suitable condi¬ 
tions. In America a turbine engine has been constructed which 
employs mercury vapour in place of steam and it is reported that 
about G5% of heat energy is converted to work. 

27. The Theory of Steam Jets. —The essential feature of the 
turbines is that in them the heat energy of steam is first employed 
to Bet the steam itself in motion inside the fixed nozzles or bladings 
(in reaction turbines) and ibis kinetic energy 
is utilised in doing work on the blades. The 
fixed nozzles are so designed as to convert 
most efficiently the thermal energy of steam 
into its kinetic energy and produce a constant 
jet. We shall, therefore, first study the 
formation of jet under these conditions. We 
shall derive an expression for the kinetic 
energy imparted to the steam in traversing 
the fixed nozzle from the region of high pres¬ 
sure B (Fig. 18) to the region of lnw pressure C. 

Let the pressure, volume, internal energy and velocity of steam 
in B per gram be denoted by p,, r,, u, and w l and the corresponding 
quantities in C by p 2l t> a , u 7 and w 2 . Then the gain in kinetic energy 
of steam per gram on traversing the nozzle is (i^ 3 2 —ti? I z )/2 J calories. 
The net work done on steam in this process as nn p. 137 is pji),— p a u a 
while the loss in internal energy is v t -u a . Thus on the assumption 
that the process is adiabatic we have from the first law of thermo¬ 
dynamics, 

£7 («' S 3 -Wi a ) = Pi v ,-P, v 2 *,-K ■ • (10) 

i. 0 ., the gain in kinetic energy is equal to the heat drop. Generally 
the initial velocity is spnsibly zero and hence the kinetic energy of 
the issuing jet is given by the heat drop hj —Ji a . 

If we now assume that there is no loss of heat energy through 
friction or eddy currents in the nozzle, the heat drop Ji, —k 2 is equal 
to the heat drop from the pressure p 1 to p a under isentropic conditions. 
This can be readily obtained from steam tables and represents under 
most favourable conditions the maximum work obtainable from the 
'turbine. Under ideal conditions the ordinary steam engine would 
Also yield the same amount of work, t.e., equal to the heat drop. The 
greater efficiency of steam turbines is, however, mainly due to the 
following two causes:—(1) in the turbine there are nowhore any 
periodie changes in temperature as are found in the cylinder of the 



Fig. IB.—The fixed 
nozzle producing the jBi. 
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Bteam engine ; (2) the turbine is oapable of utilising low-pressure 
steam witn full advantage. 

28. The De Land Turbine. —The velocity which is theoretically 
attainable in a steam jet is, therefore, enormous, and this oauses 
extraordinary mechanical difficulties. 

For if we want to utilise the whole of i+i 

this en&gy, by allowing the jet of HI 

steam to impinge on the blades or ||r 

buckets of a turbine wheel, simple f|f 

mathematical considerations show that fil 

the velocity of the blades should not Jgt 

be short of one-half the velocity of the 

jet. Thus for maximum efficiency we . . , fP isjfll » 

should have a speed of the order of « — ' — 

100 metreB/sec. at the periphery of the 

wheel which carries the blades. The H 

number of revolutions per minute neces- V 

sary to produce such peripheral speeds SI 

for a wheel of moderate dimensions JBL 

reaches the value of about 30,000 and 

such speeds are impracticable for two 4* 

reasons. First, there are no construe- in „ .. , .. , 

tional materials which can withstand «heel of De Laval turbine. 

such enormous peripheral speeds, g [41, 

The rotating parts would fly to pieces on account of the large 

centrifugal forces deve- 

To enable the requisite 
Fig. 20—A De Laval turbine. peripheral speeds to be 

obtained with safety, 
the turbine wheel was made very thick in the neighbourhood of the 
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axis (see Fig. 19) bo that it can withstand the stresses set up by 
rotation and further the shaft was made thin. 

A De Laval turbine is illustrated in Fig. 20. The steam jet 
issuing from the fixed nozzles impinges on the blades, has its direction 
changed by them and thereafter escapes to the exhaust. Due to this 
action of the BteAm the blades are set in rotation. These are known 
as 1 impulse turbines* because the steam in passing through them is 
not accelerated but has only its direction changed. The interaction 
of steam with the blades is clearly indicated in Fig. 21. In these 
turbines the blades are 'parallel,' i.e., a passage between two blades 
haa nearly the same cross-section everywhere so that the blades 

offer very little obstruc¬ 
tion to the steam jet and 
hence the pressure of the 
steam remains practically 
the same on both sides of 
the wheel. 

29. Division of the 
Pressure Drop into Stages. 
Rateau and Zolly Tur¬ 
bines. —As a prime 
mover, the De Laval 
turbine is quite efficient 
for producing low power 
For generating high 
power, super-heated steam must be used so that the pressure drop in 
the jet would be enormous, and hence for maximum efficiency the 
blades must move with very high velocity. Such large velocities ore 
incompatible with safety. For this reason, the entire pressure drop 
is divided into a number of stages. Each stage consists of one set 
of nozzleB and one ring of moving blades mounted on a wheel fixed to 
the shaft, Across each stage, the pressure drop is small so that the 
blade velocity necessary for maximum efficiency is considerably 
reduced and can be easily attained in practice. This principle of 
pressure compounding was first given by Parsons and later adopted 
by Curtis, Bateau and Zolly to the De Laval type. Bateau turbine 
has 20 to 80 stages, Zolly has about 10. 

30. Reaction Turbines—Parsons’ Work. —Parsons* began his 
researches on steam turbine about the same time as De laval (1884), 
but he did not accept the latter’s solution of the problem, and 
went on with hiB own investigations which were completed by 
about 1897. His researches resulted in the evolution of a completely 
new type—the so-called Reaction Turbines. The mechanism of this 
type is shown in Fig. 22. 

The essential feature of the Parsons' turbine is its blading 
system. This consists of alternate rings of a set of fixed blades 

* Charles Algernon Parsons (1854-1931) built the first reaction turbine in 1B86 
at Newcastle nn-Tvne. He was awarded the Copley & the Rumford medals of 
the Royal Society for his inventions. 



Fig. 21.—Action of steam on the blades of 
a De Laval turbine. 
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mounted on the inside of the cylindrical case or the stator, with & 
set of moving blades mounted on the shaft or the rotor, arranged 
between each pair of rings of fixed blades as shown in Fig. 22. 


There are no separate nozzles 
for producing a jet, but the 
fixed blades act ns nozzles. It 
will be noticed that the blades 
have convergent passages, i.c., 
the cross-section of tho passage 
goes on decreasing towards the 
exit side. 

As the steam passes 
through the moving blades, 
there is a drop of pressure in 
consequence of w h i ch the 
steam jet increases in velocity 
as it traverses thB blade- 
passage, and as it issues out, a 
backward react ion is produced 
on the blades which conse- 
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Fig. 22.— 1 The blading system of 
a reaction turbine. 


quently begin to revolve. The 

steam then again passes to the next set of fixed blades where it again 
acquires velocity and enters the next set of moving blades nearly 
perpendicularly. 

The moving blades are secured in grooves on the rotor shaft 
with their lengths radially outwards and parallel to each other. The 
fixed blades are secured in grooves in the enclosing cylinder and 
project inwards nlmosf touching the surface of the spindle. The 
steam is admitted parallel to the axis of the shaft (axial flow type). 
One pair of rings of moving and fixed blades is said to form a stage, 
and generally a turbine lias a largo number of stages. 

Pressure Compounding .—On account of the peculiar form of the 
olnde-passagrs, the pressure goes on falling rather slowly, so that 
the whole pressure drop is spread over n large number of stages which 
may amount to 45 or even 100 . In consequence of this arrangement 
the velocity of the jet is very small compared to that of the De 
Laval t\pe and the requisite blade speed is 100 to 300 ft. per sec. 
This reduction of velocity brought about by the distribution of avail¬ 
able pressure over a large number of stages constituted the master- 
invention of Parsons which was also applied to other turbines with 
great advantage as already mentioned. 


We have stated above that the steam enters the moving blades 
perpendicularly. In actual practice, however, the steam enters the 
moving blades with Borne relative velocity giving it an impulse as in 
De Laval's turbine and so the turbine works partly by impulse and 
partly by reaction. Thus it will be seen that the distinction between 
’impulse* and 'reaction 1 turbines is more popular than scientific and 
should not be taken too literally. All turbines are driven by 'reac¬ 
tion,* due to the alteration of velocity of the steam jet in magnitude 
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and direction. The real distinction between the two types is that in 
the ‘impulse’ turbines the reaction is due to the steam jet being 
slowed down while in the pure ‘reaction’ tuibine the reaction is pro¬ 
duced by the acceleration imparted to the steam in the moving blades 
themselves on account of the pressure drop. Still, however, by 
simply looking at the blades one can snv whether the turbine is of 
the impulse’ or ‘reaction’ type, the impulse blading being characte¬ 
rised by parallel passages and the reaction blading by the convergent 
passages. 

During the last thirty years high-pressure gases have been uti¬ 
lised in place of steam to drive the blades of a turbine. In the inter¬ 
nal combustion gas turbine the combustion of some oil serves to heat 
the enclosed air to a high temperature and high pressure, and thiB 
high pressure gas drives the tuibine wheel. 

31. Alternative types of Engines.—During the Second World 
War the jet propulsion system was developed in Germany and Italy 
mainly with the idea of devising a powerful means of propulsion for 
high-speed aircraft. In a modem turbo-jet a mixture of air and fuel 
iB sucked in and compressed by a compressor and then ignited so as 
to generate high pressure. This high pressure gas traverses a tur¬ 
bine where it gets accelerated and the pressure falls, the gas escap¬ 
ing at the rear of the machine with a high jet velocity. The machine 
on account of the reaction thus furnished, moves forward with tre¬ 
mendous velocity. In this way the modern jet plane has been able 
to attniu supeisonic velocities i.c. velocities greater than the velocity 
of sound. 

Mention may be madp of the Rocket and the guided missile 
whose use by the Germans in World War II as V-2 rocket caught 
world imagination and whose potentialities for space travel are bound 
to make it an important tool of the future for scientific research. The 
essential difference between a rocket and a jet aircraft is that the 
former carries its own oxygen supply and thus can operate in vacuum 
while the latter obtains oxygen from the air. The propellant, solid 
or liquid, ignites producing a jet and the rocket takes off. The 
final rocket velocity V r = w log* M* where w is the jet velocity 
and M* denotes the ratio of the initial mass of the rocket to the final 
mas9 after combustion. In the two-stage rocket a smaller second 
rocket is placed in the nose which ignites a few minutes after take¬ 
off and the second rocket detaches itself and forges ahead under its 
own power with a tremendous velocity. Such a multi-stage rocket 
was used by the Russians to launch the first artificial earth satellite 
on 4th October, 1057 and the first artificial planet on 2nd January, 
1050. The thrust developed by these rockets is enormous. 

THERMODYNAMICS OF REFRIGERATION 

32* In Chapter VI we described several refrigerating machines 
ard considered the general principles upon which their action depends. 
We shall now investigate the problem of the efficiency of these 
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machines. In order to compare the efficiency of the various machine* 
we shall introduce a quantity called the coefficient of performance of 
a refrigerating machine. If by the expenditure of work W a body 
is deprived of its heat by an amount q t its coefficient of performance 
is given by q/W. 

In Section 15 we saw that if a Carnot engine with a perfect gas 
as the working substance is worked backwards between the source 
of heat at T t and the condenser at T 2t the working substance abs¬ 
tracts an amount of heat Q 2 from the condenser and yields Q x 
to the source where Q l and Q 2 are connected by the relation 
Q l /T 1 = QJT 2 . The work done in driving the engine is 
Hence the coefficient of performance of a Carnot engine working as a 
refrigerating machine is 



It can now be easily proved much in the same way as on p. 218 
that no refrigerating machine can have a coefficient of performance 
greater than that of a perfectly reversible machine working between 
the same two temperatures , and that all reversible refrigerating 
machines working between the same temperatures have the same 
coefficient of performance. It thus follows that the coefficient of 
performance of any perfectly re\ersible refrigerating machine working 
between temperatures T, and T, f whatever the nature of the working 
substance, is equal to T 2 /(T,-T,) J and this is the maximum possible. 

A Carnot engine using perfect gas and working backwards will 
be a most efficient refrigerating machine but its output will be small 
duo to the small specific heat of gases. For large capacity we must 
employ a liquid of large latent heat of vaporization and allow it to 
evaporate at the lower temperature. We have seen in §6, p. 127 
liow practical considerations have led us to select ammonia and a 
few other substances for this purpose. 


33. Efficiency of n Vapour Compression Machine. —We shall 

now calculate the efficiency of the vapour compression machine 


described on p 126. Let us trace 
the cycle of changes which the 
working substance undergoes. For 
this purpose assume the valve V 
to be replaced by an expansion 
cylinder. AB (Fig. 231 represents 
the evaporation of the liquid in the 
refrigerator, BC the adiabatic 
compression of the vapour by the 
compressor, CD the liquefnetion 
of the substance inside the con¬ 
denser and DA the adiabatic ex¬ 



pansion of the liquid in the expan- „ . _ 

i«» <*■«*« (»« *—>• stas- 

cycle ABCD is perfectly reversible 

and hence its coefficient of performance is given by equation (20). 
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In actual machines the throttle valve takes the place of the 
expansion cylinder. This is done for mechanical simplicity. Conse¬ 
quently the part DA of the ideal cycle is replaced by DEA. On 
account of the irio vendible expansion through the \alve there is a loss 
of efficiency. The Josses are twofold. An umount of work equal to 
the area DEA is lost and there is ulso i educed refrigeration effect 
aince some liquid evaporates before reaching the refrigerator. The 
coefficient of peilurmance for the actual machine can be calculated as 
in the case of Rankinc's cycle (p. 217) Irani the values of the total 
heat of the working substance in the different states. 
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CHAPTER X 

THERMODYNAMICS 

1. Scope of Thermodynamics. —The object of the science of 
Heat is the study of all natural phenomena in which heat plays the 
leading part. We have hitherto studied a few of these phenomena 
in a detached way, viz., properties of gases, change of state, varia¬ 
tion of heat content of a body (calorimetry). There are other pheno¬ 
mena {0-g., Radiation, i.e., the production of light by heated bodies) 
which have not yet been treated ; there are others which, strictly 
speaking, do not come under physics, vis., Chemical equilibria, Elec¬ 
tro-chemistry, but in which heat plays a very prominent part. The 
detailed study of all these phenomena is beyond the scope of this 
volume. The object of this chapter is simply to develop general 
methods for the study of all such phenomena. 

The first requisite for Buch studies is the definition of the thermal 
state of a body or system of bodies. Next comes the development of 
general principles. The studios fall under two headings—(i) the 
study of energy relationships, (ii) the study of the direction in which 
changes take place. The guiding principles for the two cases are the 
First and the Second Laws of Thermodynamics. 

2. The Thermal State of a Body or System of Bodies.— 

The thermal state of a simple homogeneous body like a gas or a solid 
ip defined by its temperature T , pressure p or the volume F. These 
quantities are, therefore, called Thermodynamical Variables. Of the 
three quantities only two are independent, the third being automa¬ 
tically fixed by the value of the firht two, for it is a common obser¬ 
vation that the pressure, volume nr temperature of a substance in 
any state, solid, liquid or gas, is perfectly definite whpn the other 
two quantities are known. Hence for every substance the pressure, 
volume and temperature are connected by a relation of the form 

P=f (V, T) .(1) 

This is called the 'Equation of Stale' of the substance. The form 
of (1) is known only for a perfect gas (Chap. TV). Hut though (1) 
is generally unknown we can proceed a good deal towards study¬ 
ing the behaviour of a substance under different conditions by using 
differential expressions. In the subsequent work we shall occasionally 
use differential calculus and some of its important theorems. The 
reader must clearly understand the physical interpretation of these 
and for that purpose the following brief mathematical notes are 
appended. 

3- Mathematical Notes.—Suppose that y is some funotion of 
the variable x and is continuous over a certain range of x. Let te be 
some increment in the value of x and let fy be the corresponding 
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increment of y, such that y + Sy still lies within the range of y con¬ 
tinuous. Then the value of the ratio as 8x tends to zero is the 

8 ® 

differential coefficient of y with respect to ® and is written yf. 

dx 

If as is a function of the two variables y and z, i.e., 

■-/(».*)..( 2 ) 


there are two differential coefficients of the function. In the first 
case the function may be differentiated with respect to y keeping z 
constant, and in the second it may be differentiated with respect to 
z keeping y constant. These differential coefficients are known as 
partial differential coefficients and are written 




where the suffix outside the bracket denotes the variable which is 
kept constant during differentiation. 

In order to find the variation in the quantity x when y and z 
are both increased by the amounts Sy and 82 we must make a double 
application of Tailor’s theorem. Now if x = f(y ) we have from 
Taylor’s theorem. 


= /( y+Sy) = fM + SytL+^f + ... 

When a; is a function of the two variables y and 2 , the value of 
/(y+Sv. 2 + 82 ) may be obtained by first considering the second 
variable constant at 2 + 82 and expanding in terms of 8 # only by 
Taylor's theorem. In the second Rtage 1 / is kept constant and the 
terms which are functions of 2 + 82 are expanded by Taylor's theorem 
in terms of 82 . Let us denote the partial derivative of ](y, 0 ) with 
respect to y by f v and so on. lienee 

*+ 8 ® = f(y + Sy, 2 + 82 ) 

= f(y, 2 + S 2 ) + Sy f v (y, 2 + 5 z) 

+ 4(8t/) 2 . Ivv {y, * -I- 8 z) + higher terms in Sy. 

Expanding each term on the right-hand side by Taylor’s theorem 
in terms of 82 we obtain 


*+ 8 ® = /(!/, 2 ) + 8 i/ / f (v, z) + S 2 ./ a (i/, 2 ) 

*) + 2 Si/- 82 ./ yf (tj, z) + (8«)*■/«(y, 2 )}+ ... (8) 

If instead of expanding first in terms of Sy, we had expanded first 
in terms of 82 and then in terms of Sy we would have obtained an 
expression similar to ( 8 ) with the only difference that instead 
of f ¥t (y, 2 ) we would now obtain ft v (y > 0 ). Since these two values 
of ®+&e must be identical we have 
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fAv> *) = M, •)> 

tyva ~ zz*y~ 
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i.6., the order in which the differentiation is performed is immaterial. 

If the variations S y, 8 z are continuously decreased so that the 
terms involving their higher powers may be neglected, equation (3) 
reduces to the form 

s + &c = s + Si/./y + Ss./,, 

" *“ (%),** *&,),*• • • <«> 
This is the theorem of partial differentiation. 

Let us consider the equation 

fcr = MSy + N8*.(6) 

On comparison with (5) we see that if equa f ion (6) is obtained from 
an equation of the form (2) we should have 

M -GfV■ - (7 > 

Conversely, if M and N are of this form th^re must exist • functional 
relation of the form (2) connecting the variables y and z. When (2) 
exists condition (4) is satisfied which from (7) is equivalent to the 
condition 


_ bN 
*z “ ty 


( 8 ) 


Hence if condition (8) exists, equation (6) must rcsuH from an 
equation of the form (2). '[Tien 8® is said +o be a perfect differential. 
The physical moaning of this is that the change in * for the change 
'in the variables y and z from y lt z x to i/ s , s 3 is given by 


*i-*, = / (v„ *1 )-/(y a , *,). 


and is consequently independent of the path of transformation, 
depending only upon the initial and final values of the variables. 

There exist some physical processes for which a relation of the 
type (6) exists but (6) is not satisfied. Then 8-c is not a perfect 
differential. Ab a mathematical example consider the expression 

&e = $yz dy+2\J 2 dz .(9) 

Then S ~=3y,; ^2,’ 


t) 2 r 
0 zty 


n 0 ® r A 

=By: ^ =iy - 


, 8 2 x 9»r 

' eytM ^ 8 iiy ‘ 


• (10) 
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Hence (9) cannot be integrated as can be easily verified. The con¬ 
dition of integrability is just the reverse of (10). If we multiply (9) 
by yz the resulting function 3y*z 2 dy + 2y 3 zdz = d(y*z 2 ) is integrable. 
The quantity yz is called the integrating factor of the expression fix. 

In equation (5), suppose z is kept constant, i.c., figxO. Then, 
on division by fijr, we obtain 

■-(ftc-a 

- . cdr'iav ■ - ■<“’ 

which implies that the reciprocal of the partial differential co-efficient 
is equal to the inverted coefficient. 


4. Some Physical Applications. —From equation (1) we have, on 
differentiation, in the general case 

ap -(h) T d ’ + (£). iT - ■ ■ (12) 

For an isobaric or inopicstic process, dp=0 . Hence equation (12) 
yields 

ca-cac-a- • ■ 

81 1 

* r r 


^ = coefficient of volume expansion in an iso- 


Now 


;( 


baric process (Chap. VII). 



bulk modulus of elasticity in an isothermal 

process, or inverse of the coefficient of 
compressibility. 

coefficient of pressure increase in an iso- 


choric (constant volume) process. 

Equation (13) shows that the volume elasticity, the volume co¬ 
efficient of expansion and the pressure coefficient of expansion are 
not independent but are inter-related. 

As an illustration, consider mercury at 0°C. and under atmos¬ 
pheric pressure. The coefficient of volume expansion is 1'81 x lO -4 
per °C. and the coefficient of compressibility per atmosphere is 
3*9x10^. Hence from (13) 
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and the pressure coefficient 



Hence it follows that a pressure of about 46 atm. is required to keep 
the volume of mercury constant when its temperature is raised from 
0°C. to 1°C. Thus if the capillary tube of a mercury thermometer 
is just filled with mercury at 30°C., the pressure exerted in the 
capillary when it is heated to 84° G. will become 4x46'5=; 180 
atmospheres. 

5. Different Forms of Energy. —As thermodynamics is largely 
a study of energy-relationships, we must clearly understand the term 
* Energy 3 . The student must be familiar with the concept of ‘Energy* 
from his study of mechanics. ‘Energy* of a body may be defined as 
its capacity for doing work and is measured in ergs on the C.G.8. 
system of units. 

Everybody must be familiar with the two ordinary forms of energy, 
uijj., the kinetic energy and the potential energy. A revolving fly¬ 
wheel possesses a large amount of kinetic energy which can be 
utilised in raising a piece of stone from the ground, i.e. t in doing 
work. In this process the kinetic energy of the flywheel is converted 
into the potential energy of the mass of stone. The mass of stone 
also in its raised level possesses energy which we call potential 
energy and which can also be made to yield work. For when the 
stone falls down under gravity the flywheel can be coupled to a 
machine and be made to do work. Thus kinetic and potential ener¬ 
gies are mutually convertible and in h conservative system of forces 
the sum of the kinetic and potential energies is constant throiighout 
the process. All moving bodies posspss kinetic pnergy by virtue of 
their motion and all bodies placed at a distance from a centre of 
force possess potential energy by virtue of their position. 

There are other forms of energy also with which the student of 
physics must have become familiar, and which we shall now take 
up. We have already pointed out that heat consists in the motion 
of molecules and must therefore be a form of energy. The experi¬ 
ments of Joule and Rowland showed that there exists an exact pro¬ 
portionality between mechanical energy spent and the heat developed. 
Friction is the chief method of converting mechanical energy into 
heat. The conversion of heat into uoric h n s clso bepn accomplished 
by the help of steam engines and other heat engines which have 
been completely described in Chap. TX. Thus it has been fully 
established that heat is a form of energy. 

Energy may be manifested in electrical phenomena also in a 
variety of ways! It is wpII known that when two current-carrving 
coils are placed with their planes parallel to each other, they attract 
or repel each other depending upon the direction of flow of the current, 
In this case we may take the more familiar example of the tramway* 
Here electric currents are made to run the carriage. Again a wire 
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carrying a current becomes heated. Thus electricity is also a form of 
energy which can be easily con\eited into mechanical or thermal form. 

Eneigy may also be manifested as chemical energy . For we know 
that a bullet fired from a gun possesses enormous kinetic energy 
which is derived lrom the chemical actions that take place when the 
powder detonates. Further a large amount of heat is evolved during 
a number of chemical reactions, viz., in the combination of hydrogen 
and oxygen. Also the chemical actions going on in a voltaic cell 
produce electrical current. Thus chemical energy can be easily con¬ 
verted into mechanical energy, heat, electrical energy, etc. 

There are various other forms of energy, all of which can be 
converted into some one of the other forms. The important ones are 
the following:—magnetic energy, radiant energy (Chap. XI), surface 
energy (surface tension), radioactive energy and energy of gravitation. 

There are three important laws governing energy transformation: 
—(1) The Transmutation of Energy , (2) The Conservation of Energy , 
(3) The Degradation of Energy . 

6. The Transmutation of Energy. —This principle states that 
energy can be converted iioza one ioim to another. We have already 
seen how mechanical energy, electrical energy and chemical energy 
can be converted into heat. In fact all kinds of energy can be directly 
converted into heat. Mechanical energy obtained from a water-fall 
working a turbine, may be utilised to generate electrical energy by 
coupling the tuibine to a dynamo. Electrical energy may be con¬ 
verted into thermal energy as in electrical furnaces, or into chemical 
energy as in the charging of secondary cells. Heat energy can be 
converted into electrical energy as in the phenomena of thermo-electri¬ 
city, into mechanical energy as in steam engines, and so on. Examples 
could be multiplied indefinitely. 

7. The Conservation of Energy. —The principle states that during 
a process involving interchanges of energy, the total energy of the 
system remains constant. In other words energy is indestructible and 
unbeatable by any process. No formal proof of the law can be given. 
It is a generalisation based upon human experience and is amply borne 
out by its consequences. The law arose out of the attempts of earlier 
philosophers to devise a machine which will do work without expendi¬ 
ture of energy. They however failed in their attempt. Later it was 
recognized that all the machines invented w r ere simply devices to 
multiply force and could not multiply energy, and the true function 
of a machine was to transmit work. Only that much work could be 
obtained from a machine as was supplied to it, and that too in ideal 
cases. This shows that energy obeys the law of conservation. Tn 
these case however all energy cannot be recovered as some is dissi¬ 
pated as heat. But heat is also a form of energy, and on equating 
the work obtained plus the heat developed to the work done, we find 
that the relation of equality is satisfied. Thus the principle is estab¬ 
lished for this case and follows from a result of human experience 
which may be stated in this form 
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“It 1 9 impossible to design a machine which will create energy 
«out of nothing and produce pcrpotual motion. Energy can only be 
transformed from one form to another 

B. The Dissipation of Energy. —Energy, we have seen, is capable 
•of existing m d^tierent forms. in some ioims however it is more 
available to us than in other forms, i.c., we can get more work from 
energy in one form than in another. For example, mechanical energy 
is the highest available form while the heat energy of a body at a 
low temperature is in a much less available form. Now the law of 
degradation or dissipation of energy says that energy always tends to 
pass from a more available to a Less available form. This is called 
the degradation or dissipation of encrgy t and is intimately connected 
with the Second Law of Thermodynamics; it will therefore be taken 
up later. 


FIRST LAW OF THERMODYNAMICS 

9. The First Law. —We have already enunciated the law of con¬ 
servation of energy. The First Law of Thermodynamics is simply a 
particular case ot this general principle when one of the forms of 
energy is heat. It may be mathematically stated in the form* 

SO = SU + STY.(14) 

where EQ is the heat absorbed by the system, EU the increase in ita 
internal energy and S1V the amount of external work done by it. It 
may be remarked that SQ is here expressed in energy units, and can be 
found by multiplying the heat added in calories by J, the mechanical 
equivalent of he&t. For a simple gas expanding against an external 
pressure p, 8TV = pEV t but lor surfaces, magnetic bodies, etc., other 
suitable terms are to be added to take into account other forms of 
energy such as mechanical, electrical, etc. The quantity 'internal 
energy' is defined with the help of the principle of conservation of 
energy by considering a thermally insulated system for which 
£1/ = — SIT 7 . Changes in internal energy can thus be measured in 
terms of the external work done on the system. 

Applications op the First Law 

10. Specific Heat of a Body. —It is easy to see that the internal 
energy of a body or a thermo lynamical system depends entirely on 
its thermal state and is uniquely given by the independent thermo* 
dynamical coordinates. In the case of a simple homogeneous body 
we have seen on p. 233 that any two of the variables p t v t T are 
sufficient to define its state uniquely. Choosing therefore V and T as 
independent variables we have 

u = f(V,T ) .(16) 


It was first stated in this form by Clausius. 
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where 17 and V refer to a gram-molecule of the substance. Differen¬ 
tiating (15) we get* 

iv - G?WIv)/ F - • ■ ■ (1# > 

For a perfect gas ( ) = 0 (p. 47); for a gas obeying van der 

\0 V /T 

Waals’ equation (see §33) 

/dV\ t _a 
V 2 

If an amount of heat 80 be added to a thermodynamical system 
say a perfect gas, port of it goes to increase the internal energy of 
the gas by dU f while the remainder is spent in doing external work, 
€.g. r when the gas expands by a volume dV against the pressure p. 
We have from the first law, 

8Q^dV+pdV t . (17) 

where 89, dU are expressed in energy units. Substituting for dU 
from (16) in (17), we get 


sg =- <tr+ (— ) jv+pdv, 

\dTj„ \s\> )t ^ 

lave 

(!?).♦ ['♦C),] 


dV 

dT 


and dividing by dT we have 
dT 

Now = C t the gram-molecular specific heat. If volume be 
kept constant, 

Q.-CV <• ■ t ■ •« 

from definition. If pressure be kept constant, Q- 
specific heat at constant pressure. Hence 

' f>V\ 


c„ the 




*T )p 


(19) 


For a perfect gus ( ^ - 0 and p (lienee using (18) 

VV/7' \3i/p 


* It is thus seen that the quantity dU is a perfect differential of a function 
V of the variables defining the state of the body; we can therefore write dU 
in place of In contrast with this the quantities, fiQ, 8IV are not perfect 

differentials. This is readily seen from the indicator diagrams since the values 
of 89 ST? depend upon the path of the transformation and not only upon 
the initial and final states. Hence we have denoted these changes by 89 and %W. 
Some people use d in place of these g's but then this d should not he taken 
in the 'differential' sense. gK is however a perfect differential and we can write 
$W=pdV. 
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we get 

Cp—C v ~ R .( 20 ) 

as has been deduced onp. 46. The relation for solids and liquids is 
complicated (see sec. 38, Example 1). 

It is easy to see that 8Q, the heat added, cannot be deter¬ 
mined only from the initial and final states of the body, and a 
knowledge of how the heat has been added is essential. Hence 
(J, the specific heat, has no significance unless the external conditions 
are prescribed. We have defined f' p and C„, but there may be other 
processes, e.g. t adiabatic, when 8Q — 0 and C =- 0. 

11. Woft done in Certain Processes. —The following expressions 

lor work done in diffeient processes have been already proved:— 

(«) Woik done by a perfect gab in isothermal expansion is 
(m dr p 212) equal to 

AT K’.(U. T'a)- 

(fo) Work done by a perfect gas in adiabatic expansion in which 
tlie lemperatuie lulls fiom T l to T 2 is ( vide p. 212) 

iT T ) 

- H { 1 - } 

y-\ 

(r) In fin 1 case of a cyclic process the substance returns to its 
initial state and lienee Equation (17) then yields 

(IQ =- pdV/J, i i , the heat absorbed by the substance is 
equal to the external work done by it during the cyclic 
process. Thus ill Carnot's cycle the work done during a 
cycle is Q x - Q 2 

12. Discontinuous Changes in Energy—Latent Heat— When a 

bod} is in the condensed state (snJid nr liquid) and is subjected to 
increasing temperature, the state may suddenly change from solid to 
liquid form (fusion), or lrom liquid to gaseous form (evaporation), or 
from one crystalline form to nnother (allotropio modification). In 
such discontinuous changes the eneigy ,dsn changes discontinuously 
(phenomena of latent heat). I jet us consider the evaporation of 1 
gram of water at 100°0, and 1 atm. pressuie. The application of 
First Law yields 

L = «,-“i + PK-v,), .... (21) 

where v 2 , v a respectively denote the internal energy and volume of 
] gram of \apour, and v x the corresponding quantities for the 
liquid. 

Equation (21) expresses the fact that the heat added is spent in 
two stages: (1) in converting 1 gram of water to 1 gram of vapour 
having the same volume, (2) in doing external work, whereby the 
vapour produced expands under constant pressure to its specific 
volume. 

16 
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is sometimes known as the internal latent heat and 
#( v a“ v i) as the external latent heat. For water at 100°C. r 
• * = 1 o.o., v a = 1674 o.c. (specific volume of saturated vapour). 


Hence p(v a —vj — 


1*013 x 30 B x 1673 
4*10 x 10 7 


cal 


40*5 cal 


Since L = 580'7, the Internal Latent Heat ii a —— 4982 cal 

It is often convenient to denote the dlffeient states of aggregation 
of the same substance according to the following convention. [if s O], 
(H a O), H„0 denote water in the solid, liquid and gaseous states 
respectively. The quantity taken is always a mol unless otherwise 
stated. Tho symbolical equation 

H 2 0=(H 2 0) f 10,170 cal . (22) 

expresses the experimentally observed fact that the energy content 
of a mol of H a O (gas) at 0°C exceeds the energy-content of a mol 
of H 2 0 (liquid) at 0°C. by 10,370 calories, the change taking place 
at constant volume 
Wc have further 

(H 2 0)=[H 2 0] +1,430 cal . . . (23/ 

i.c., energy of a mol. of liquid H 2 0 at 0°C exceeds the ciirigv ot a 
mol of ice at 0°C. by 1,430 cal. 

From equations (22) and (23) we lm\e h\ addition 


H a O = [H 2 OJ+11,000 cal. 

i.€ , heat of sublimation of 1 mol ol ice at constant volume 11,000 
calories This is a consequence of the First Law applied to a phvsicul 
process and can be easily verified 

13. The First Law applied to Chemical Reactions—Hess’s Law 
of Constant Heat-summation. —The First Law can be extended to 
Chemical .Reactions Thus when 2 mols ot JI 3 and 1 mol of ()_ 
are exploded togethei in a bomb calorimeter, 2 mols of (H 2 0) ait 
formed, and 136,800 calories of heat are evolved Allow mg for the 
heat evolved in passing finm the gaseous to the liquid state, vie 
obtain from the First Law, since 116,500 and a TV -0, 

2r Hi + l/o | -ar Hif) 116,500 cal 

i e , the eneig ( v ol 2 mols of 1J„ and 1 mol of 0 2 exepeds the enerpi 
of 2 mols of II a O b\ 116,500 calories. 

Hess stated in 1840, before the bust Law had been discovLied 
that if a reaction proceeds directly from state 1 to state 2, and again 
through a series of intermediate states then the heat evolved in the 
direct change is equal to the algebraic sum of the heats of reaction 
m the intermediate stages. This is an importaut law in Thermo 
chemistry and is known as Hess’s Law of Constant Heat Summation 

The law is illustrated by the following examples — 

C (diamond)+ 10 2 — 00 +26,100 cal 
CO + j0 2 =CO a + 68,300 cal. 
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We have by adding 

C (diamoiid)+O a ==CO a +94 l 400 cal. 

This is verified by experiments. 

We take another example. Let the symbol (LiOH)*, denote the 
solution of 1 mol oi the substance. Then take the equation^:— 

2 [Li] + 2(H a O) = 2 (LiOH) aq+H a +106,400 

2[LilIJ + 2(H a O) 2(LiOH) aq +2H a +G3,200 

The energy evolved is very easily determined from solution ex¬ 
periments. Subtracting the lower equation from the upper one we 
obtain 

2 [Li |+ H 2 -2[LiH]+43,200 cal. 

i.r , the heal oi formation of two mols of [LiH] from [Li] and H a 
is 43,200 caJ. 

THE SECOND LAW OF THERMODYNAMICS 
AND ENTROPY 

14. Scope of the Second Law.—The Second Law of Thermodyna¬ 
mics deals with ti question which is not at all covered by the First 
Law, viz., the question of the direction in which any physical or 
chemical process involving energy changes takes place. 

A few illustrations will clear the point. Let us consider the 
thermodynamical process illustrated by the symbolic squation:— 

., + 0^ 2H a O + U calories 

The equation tells us that if 2 mols of H a gas combine with one 
mol of O a , 2 mols of Il a O-vapour are formed and V calories of heat 
are evolved, or tiirr versa, when 2 mols of H s O-vapour are decomposed 
completely into H a and 0 2 , U calories of heat must be absorbed. 
This result is obtained as a matter of experience from calorimetric 
experiments, and we interpret the result according to the First Law 
of Thermodynamics by saving that in the combination of 2 molecules 
of hydrogeu with 1 molecule of oxygen to form 2 molecules of H a O, 
the diminution in energy amounts to JU/N ergs. This result can 
he further utilised m calculating energy relations in other reactions. 
But the first law cannot tell us in which direction the reaction will 
take place. If we have a mixture consisting of II 2 , 0 2 and H a O-vapour 
in arbitrary proportions Ht some dcfiuitc temperature and pressure, 
the first law cannot tell us whether some H a and 0 3 will combine to 
form H 2 0 or some H z O will dissociate into H 2 and O a , the system 
thereby passing to a state of greater stability. 

Or we can take a physical example. When two bodies, A and B, 
exchange heat, the first law tells us that the heat lost by one body 
is equal to the heat gained by the other. But it does not tell us in 
which direction this heat will flow. Only experience tells us that 
heat will pass from the hotter body to the colder one spontaneously, 
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but in speaking of hotter and colder bodies we are making use of a 
new physical concept (temperature) which is not at all included within 
the scope of the first law. For giving us guidance in deciding the 
question of direction in which a process will take place, we require 
a new principle and this principle, which arose out of Carnot’s specu¬ 
lations about the convertibility of heat to work, is generally known 
as the Second Law of Thermodynamics. 

15. Preliminary Statement of the Second Law. —The problem ol 
convertibility of heat to work has been treated in Chap. IX. It is 
readily observed that the main question there was about the directum 
of energy transformation. Mechanical energy and heat are only 
different forms of energy, but while mechanical energy can be com¬ 
pletely converted to hBat by such processes as friction, it is not possible 
to convert heat completely to work. Even by using reversible engines 
which are the most efficient, only a fraction can be converted to 
work. The conversion is therefore only partial. The question is, 
why is it so? 

An answer to this question has been given already in Chap. IX, 
viz., if it were possible to design an engine more efficient than a 
reversible engine, we could continuously convert heat to work, aud 
this will produce perpetual motion of a kind. We may call this 
perpetual motion of the second hind. We are convinced that this is 
not possible, and we may start from a statement which expresses 
our conviction just as the first law js based on the conviction that 
Energy cannot be created, but can only be transformed. We miiv 
make the statement in the following form.— 

f It is impossible to construct a Heat Engine which will con¬ 
tinuously abstract heat from a single body , and convert the whole of 
it to work without leaving changes in the working system.” This 
statement is equivalent to Clausius or Lord Kelvin’s statement of the 
Second Law. 

Lord Kelvin stated ihe law' in tbis form:—'*/# is impossible by 
means of inanimate material agency to derive mechanical effect from 
any portion of matter by cooling it below the temperature of the 
voidest of the surrounding objects. 1 ' 

Clausius stated it in the. form:—“It is impossible for a self-acting 
machine , unaided by any external agency , to convey heat from one 
body to another at a higher temperature , or heat cannot of itself pass 
from a colder to a warmer body.” 

It must be clearly understood that these statements refer to con¬ 
tinuous or cyclical processes. For it is always possible to let heat 
pass from a colder to a hotter body and at the same time the 
substance may change to a state different from its initial one. As an 
example consider an isolated system comprised of a cold compressed 
gas and a hot rarefied gas communicating with each other through a 
movable piston. When the piston is released, the hot vapour is com¬ 
pressed and heat is thereby transferred from the cold to the hot gas. s 
The state of the two gases however changes &b a result of the process 
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Lord Kflvin (p. 244) 

WiUum Thomson, Lord Kelvin of Larg*, born on June 26, 1824, in Belfast 
died on December 17, 1907. Hib important contributions to Heat 
aie the Second Law, tho absolute thermometric Beale and 
the Joule Kelvin effect. He carried on valuable 
lescanhes in Electricity 



Rudolf Claudius {1622— 1888) (p 244) 

Born at Koslm, he studied in Beilin and bccaim Piofessor of Physus 
successively at Zurich, WuiAbuit; and Bonn Simultaneously with 
Lord Kelvin he announred the Second Lav, of Thermo 
dynamics Ho vas one of the founders of the Kinetic 
Theory of Gales 
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ed with respect to a reversible process, has nothing to do with it and 
exists quite independently of it. 

The above treatment is perfectly general and will hold whatever 
substance is taken as the working substance. Now if the work is 
done by expanding against an external pressure we have from the first 
law for any process reversible or irreversible, 8 Q = du+pdv, where p 
stands for i]j$ external pressure at every stage of the process. But 
lor finding entrop\ we have to substitute the value of 8Q along a 
reversible process. Now the process is reversible onl\ when the 
external pressure p is always equal to the intrinsic pressure of the 
substance, i.e., when the expansion is balanced. Hence we get 1 

,,p“+8*, ... (89) 

where p denotes the pressure of the substance itself. 

Tt is easily seen that entropy is proportional to the mass of the 
substance taken, for if we take M grams of the substance dU =Mdu, 
dV - Mdv and hence 8 — Mb 

Exercise. —Find the increase of entropy when 10 grams of ice 
at 0°C. melt and produce water at the same temperature, given that 
the latent heat of fusion of ice —80 calories/gm. 

Since the process is reversible and isothermal we have 
A® =- --T^f, 80 - 2 03 oal./degree C. 

18. Entropy of a System. —Tn the last section it was shown that 

it the entropy per unit mass of a substance is s the entropy of m 
pranas of the substance is WR. It can be shown in a similar way that 
f we have a system of bodies in thermodynamical equilibrium with 
Afferent thermodynamical variables and having masses w,, m 2 . . and 

ppcific entropies s 2 . , the entropy of the whole system is 

8 - w 1 « 1 +m,a 2 + ... (36) 

19. Entropy remains Constant in Reversible Processes.—The sum 

of the entropies of all systems taking part in a reversible process 
remains constant. Considering the Carnot cycle we notice that the 
working substance has the same entropy at the end of the cycle 
s at the beginning since it returns to the same state. The loss in 
♦ itropy of the source is 9,/T 1 , the gain by the condensed is 4) 3 /r a , 
and hence the net gain in the entropy of the system is () 

?’-&•=<>. . . (37) 

J a J i 

Thus the entrop\ of the whole system remains constant 

* \ more general definition is the following :—If from any cause whatever, the 
unavailable energy of a system with reference to another system at T t undergoes 
in increase AE, then AnJT u measuies the increase of entropy of the system. 
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In the isothermal expansion of the working substance in the first 
part of the Carnot cycle the increase in entropy of the working sub- 
btniicp is Q 2/^31 the loss by the source is Q 1 /T 1 and hence the total 
entropy remains constant. This holds for any reversible transforma¬ 
tion. 


Working out as on p. 212 we bee that the increase in entropv 
of a gram-molecule of perfect gas in isotlieimal expansion from volume 
V , to V 2 at temperature T is 

dU+pdV 
T 


AS 




l \ r pdV^ 
T J r, 


hi* 




(38) 


The change in entropy during a rrncrsible adiabatic compression 
or expansion is zero "For in such p process the external work 

done is ^ pdV and change in entropy is AS — but b\ 

the condition of the process fiom the first law dl 7 \ pdV - 0. hence 
the entropy remains constant in an adiabatic piocess. Adiabatic 
curves are therefore sometimes known as '‘Tscntropics *' 


2Q* Entropy Increases In Irreversible Processes. —The entmpx 
of a system increases in all irreversible processes As examples ol 
such processes we may mention the conduction nr l.iduition of heat 
the rushing of a gas into a vacuum, the inter-diffusion ol two gase^ 
the development of heat by friction. How of eleetncitv m conductor 
etc. We shall prove the theorem here for a lew cases 

(i) Increase of Entropy during Conduction or Itadiaiinn of Heal — 
Suppose a small quantity of heat Q is conducted away from a bod\ 
A at temperature 7’, to another body B at ienipeiature T 2 (T^T,) 
and let SQ be so small thut the trmpciatures 7 T ( and T 2 ol the bodies 
are not appreciably altered in the process, then A loses entrop\ 

SO rtO 

equal to ^ while B gams entropy by an amount q — Thus the total ■ 

gain m entropy ol the two bodies is 

AS - s «(t,- fT> 


which is positive since T V >T 2 . Hence the entropy ui the system as n 
whole increases during thermal conduction. Similarly in the case of 
radiation, if a quantity of heat 5Q is radiated from the body A to the 
body B, the gain in entropy is given by the same expression. Thus 
increase of entropy is always produced by the equalisation of tern 
perature. 

(«) Gas rushing into a vacuum .—Consider a perfect gas in a 
vessel rushing into an evacuated vessel and let the whole By stem 
be isolated. Since the gas is perfect the temperature does not change 


In denotes natural logarithm. 
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in the process. The gain in entropy m&} be obtained by tinding the 

f Sfe 

j- along any reversible path connecting the initial and 


final states. The reversible process most convenient for this purpose 
is an isothermal expansion of the gas against a pressure which i* 
always just less than the pressure of the gas. 




Mr/'"' ^ 


Fur ti perfect gas <W at constant temperature is zero, 
in entropy 


Hence the gain 


AH = -jrJ* V iv =■ R In , (40) 

vhore V Y , V 2 denote the initial and final volumes of the gas. Hence 
the entropy of the system increases in this irreversible process. 

21. The Entropy of a Perfect Gas. —Let us take m grams of a 
Iperfeet gas having the temperature T and occupying the volume v. 
The entropy ms is given by the relation 

[ T £ u +p j i 

T T ' Jo T 

Since ilu-mr t dT, p- mRT'Mv , wo have 

R 

ms — m(r, 1 nT-\ In r\ const (4!) 


We can also express mx in terms of pressure. 



From the relation 


we get ms = m(c p hiT — — In pi l const. . . (42) 

Hizeroise .—Calculate the increase in entropy oT two grams ot 
oxygen when its tempprature is raised from 0° to 100°C and its 
volume is also doubled. 


A s =■ 2x 


2 ,! in9R r 5*035 . 373 1*986 0 "I cal. 

23 ° 26 L“3r l0g 273 ~32~ log 2 J = °- 184 dii 


22. General Statement of Second Law of Thermodynamics.— 

We have shown above for a few irreversible processes that increase of 
entropy takes place during such a process. This result is however 
very general and holds for any process occurring of itself. We shall 
not attempt to prove here this general statement, but only enunciate 
it in the fallowing words :—Every physical or chemical process in 
nature tabes place in such a way that the sum of entropies of all bodies 
taking part in the process increases . In the limiting case of a rever¬ 
sible process the sum of entropies remains constant. This is the most 
general statement of the Second Law of Thermodynamics and is iden- 
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tical with the Principle of Increase of Entropy , viz., the entropy of 
a system of bodies tends to increase in all processes occurring in 
nature, if we include in the system all bodies affected by the change. 

Clausius s umm ed up the First Law by saying that the energy 
of the world remains constant and the Second Law by saying that 
the entropy of the world tends to a maximum. Though the terms 
'energy of the world' and 'entropy of the world’ are rather vague, still, 
if properly interpreted, these two statements sum up the two laws 
remarkably well. 

23. Supposed Violation of the Second Law. —Maxwell invented 
an ingenious contrivance which violates the Second Law as enunciated 
above. Following Boltzmann's idea, he imagined an extraordinary 
being who could discriminate between the individual molecules Sup¬ 
pose such a creature, usually known as Maxwell’s demon, stands at 
the gate in a partition separating two volumes of the same gas at the 
same temperature and pressure and, by opening and shutting the gate 
at the proper moment, allows only the faster moving molecules to 
enter one enclosure and the slower molpcules to enter the other 
enclosure. The result will be that the gas in one enclosure will be at 
a higher temperature than in the other and the entropy of the whole 
system thereby decreases, though no work has been done. This 
apparently violates the Second Law. 

We observe, howe^r, that to Maxwell’s demon the gas does not 
appear as a homogeneous mass but as a system composed of discrete 
molecules. The law of entropy does not hold for individual molecules, 
but is a statistical law and has no meaning unless ve deal vith mattei 
in bulk. 


24. Entropy and Unavailable Energy.— Consider a source at 
temperature T t and suppose it yields a quantity of heat 9 to a work¬ 
ing substance. If the lowest available temperature for the condenser 
of the Camot cycle is T 0 the amount of heat rejected by the Carnot 
engine working between 7\ and T 0 is QT ti /T J The remainder, i r 
T 

Q-Q jr has been converted into work Thus the available energy 
is O | 1 — ?JL|. Nov suppose n quantity of heat W pusses bv conduction 

\ Tj 

from a body at temperature T s to another at temperature T r The 
unavailable energy initially was (T 0 /T a )8Q and finally it was (T 0 /T x )fiQ 

Hence the gain in unavailable energy is 8# a - a r„, T 0 beins; 

the lowest available temperature The increase in entropy of the 


system is, as we have 


already proved, equal to 8$ 




Hpucp 


the increase of unavailable energy is equal to the increase of entropy 
multiplied by the lowest temperature available Thus entropy is a 
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measure of the unavailability of energy, and the law of increase of 
entropy implies that the available energy in the world tends to zero, 
t.c., energy tends to pass from a more available form to a less available 
form. This is the law of degradation or dissipation of energy mentioned 
on p. 239 and is thus seen to be equivalent to the Second Law. It 
follows as a corollary that all transformations, physical or chemical, 
involving changes of energy will cease when all the energy of the 
world is run down to its lowest form. 

25. Physical Concept of Entropy* —The entropy of a substance 
is a real physical quantity which remains constant when the subs¬ 
tance undergoes a reversible adiabatic compression or expansion. It 
is a definite single-valued function of the thermodynamical coordinates 
defining the state of the body, viz., the temperature, pressure, volume 
or internal energy as explained on p. 233. It is difficult to form a 
tangible conception of entropy because there is nothing physical to 
represent it; it cannot be felt like temperature or pressure. It is a 
statistical property of the system and is intimately connected with 
the probability of that fitatv. Growth of entropy implies a transition 
from a more to a less available energy, from a leas probable to a more 
probable state, from an ordered to a less ordered state of affairs. The 
ulea of entropy-is necessitated by the existence of irreversible pro¬ 
cesses. It is measured in calories per degree or ergs per degree. 


26. Entropy-Temperature Diagrams. —We have represented the 
Carnot cycle and other cycles in ('hap. IX by means of the usual in¬ 
dicator diagram in which the volume denotes the abscissa and the 
pressure denotes the ordinate. Another wav to represent the cycle, 
which is often found very useful, is by plotting the temperature of the 
working substance as ordinate and the entropy as abscissa. Its im¬ 
portance is readily perceived for during any reversible expansion the 
increase dS in entropy is given by 



/. \Td8 = \dQ, 

where the integration is performed 
between the limits of the expansiou. 
Thus the area of the curve on the 
entropy-temperature diagram represent 
the amount of heat taken up by the 
substance. 




The Carnot cycle can now be easily 
represented on the entropy-temperature 
diagram by Fig. 2. AR represents the 
isothermal expansion at EC the 


» Entropy b 

* ig- 2.—Entropy-temperature 
diagram of Carnot cycle. 


reversible adiabatic expansion, CD the isothermal compression At 
T v the temperature of the sink, and DA the final adiabatic 
compression. It is evident that , lines AB and CD will be 
parallel to the entropy-axis and BC, AD will be parallel to the tern- 




254 


THKRMODYKAMICS 


[CHAR. 


perature-aacis. The amount oi heat taken in is represented by the 
area ABba, heat rejected by the area DCba, the difference ABCli 
being converted into work. These areas are respectively TJS' — S), 
(T x — r l\) (#'—8 ) and the efficiency is 1— T 2 /T im 

27. Entropy of Steam. —-For enabling the student to have a 
proper grasp of the conception of entropy we shall calculate the entropy 
of steam. .Let us start with 1 gram of water ut 0°C. and go on 
adding heat to it. The increase in entrop\ when w e add a small amount 
SO 

of heat BQ at T° is ~. But 84? - odT when* a is the specific heat 
ol water at constant pressure. Hence the entropy ol watoi at T° is 


h = # n + 




' odT . T 

—nr ~ " 0 + a l°Sf r. . 

I 1 0 

if iris assumed to be constant. s 0 denotes the entropy of water at 
(0°C) [T 0 ° K.) and it is customary to put it equal to zero. Hence 
for water 

i T 

9 - * ° b ® try 


where a can be put equal to unit} This is represented by the logari¬ 
thmic curve OA in Fig. 3. 

If the liquid is further heaLed it boils at the tompmituie T l\ ab¬ 
sorbing its latent heat L. Since the temperature remains constant 

in this process the increase in entropy 
per gram is L/Tj. This is repre¬ 
sented by AB in the figure. Hence 
the entropy of 1 grain of dry satu¬ 
rated steam K 

i L 

» = a log, + _ . 

It the steam m wet, q being its 
dryness, i.< , q is the proportion of 
dry steam in the mixture expressed as 
a fraction of the whole, the entropy 
of wet steam is 



-O log. 


T, , qi' 

273 + r~ ■ 

If the steam is superheated to 
the entropy is further increased 


by the amount 


f T dT 

3 r, Cp T 


where c D 


denotes the specific heat of steam 
during superheating. This is repre¬ 
sented by BO in the figure. Hence 
the entropy of superheated steam at 
T a ° is 
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Ab c p varies with temperature, itB average value over Bmall intervals 
is taken. In this way the entropy of steam in any state can be 
calculated. 

Exercise .—Find the entropy of saturated steam at a pressure 
of 74 lb. per sq. in. 

From the table the boiling point at this pressure is 152'6°C. and 
the latent heat at this temperature is 503'6 cal./gm. The entropy 
of 1 gm. of water at 152*6 D C or 425°*6°K iB lx log* 425*6/273 =0*44 
cal./degree. The increase in entropy due to the evaporation at 
425*6 D K is 503*0/425*6 = 1*18 cal./degree. Therefore the entropy of 
steam at 425*6° K is given by *44+1*18 — 1*62 cal./degree. This may 
be verified by looking at the steam tables. For more accurate calcu¬ 
lation the variation of the specific heat of water with temperature 
should be taken into account. 

APPLICATIONS OF THE TWO LAWS OF 
THERMODYNAMICS 

28. General Considerations. —For making frequent and effective 
use of the Second Law, it should be expressed in a convenient form. 
For this purpose a mathematical formulation is more desirable and 
wa* supplied b\ Clausius (p. 248), viz t 

8 Q =-- Tds* .(43) 

wheie SQ is the heat absorbed during a reversible process connecting 
the two states Fiom the first law 

8 Q=-du + pdv, . . . . (7) 

where p denotes the intrinsic pressure of the substance and is given 
4>\ its equation of state. Combining these two equations we get 

du+pdv = 'Tds .(44) 

Let us further investigate the nature of the variations du t dv 
and ds . As already stated in Chap. IV and also on p. 233, the state 
of every substance is fixed if we know any two of the variables p, tj, 

7\ u . For example, the internal energy v — f(v r T) is uniquely 

defined if v and T are given. Thus if we represent the internal 
energy u of the substance on the coordinate system v t T , the value 
of u for every point is fixed and does not depend upon the path along 
which we bring the substance to that point (state); in other words, 
the total change du has the same value whether we first make the 
change dv in v and then the change dT in T or in the reverse order. 

*The results deduced from this equation in the following pages and their 
confirmation by experiments may he taken as direct verification of this equation 
and therefore of the Second Law. 
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Mathematically, this means that du is a perfect differential and as 
explained on p. 235 we must have 

.(45) 

dxdy dydr 

where x and ij are the two variables defining the state of the system. 

The entropy function was shown on p. 248 to bo such that its 
value does not depend upon the path of transformation, x.e., a is also 
a single-valued function of the coordinates. Similar is the case with 
the volume and the internal energy. 

As a contrast and for clearer understanding, it may be mentioned 
that pdv and 8Q = du+pdv are nol ppriect differentials for their value** 
depend upon the path of transformation. This may be ea9ily seen 


as j pdv lepresents thp area ot the indieatoi diagram and has different 

values for different paths. But though du t pdv is not integrable we 
have proved by physical arguments, that (du + pdv)/T is integrable, 
in other words, 1/T is the integrating factor to the energy equation. 

We now proceed to make use of the* above ideas for the furthei 
development of pquation (44). 

29. Jhe Thermodynamical Relatio&fihipfi. j( Maxwell). —Equation 
(44) may be written as ^ 

du = Ida- pdv. . (40) 

Now if x and y are any two independent variables we have, sincp u, 
s and v are expressible in terms of x and //, 


, as 7 a«i 
ds = -— llT + 

dr dy 




and 


dv 


dv 

dx 


dx+ - 

dy 


dlj. 


du = — dx + 
dr 



Substituting the values of ds, dv, du in (46) and equating the co¬ 
efficients of dx, dy, we get 

0 n m d8 dn 

— — T - — v - , 
dr dr 1 dx 


9 .'i = t 9 J _p® p 

®jy »'/ ®!/' 

Now, since du is a perfect differentia], we should have 

d 2 u = d 2 u 
dxdy dydx 


±(r 9 JL 

By 



0t>\ 

J 


or 
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Expanding out and remembering that an ^ 

0 2 « 0 2 « , 

. - a , we get 
dxdy dydx ® 

0T 8T 8# = d JL d — — (47) 

Bx By dy dx Bsc By dy Qx* * ‘ \ ) 

which when geometrically interpreted means that the corresponding 
elements of area whether represented on T, a or p, v coordinates are 
equal. This relation will hold for a simple homogeneous substance. 
For convenience of remembering we may write (47) as 

8(7V0 = HP, v ) 

Z(x,y) d(x,y)' 

where * 8 ) stands for the determinant 

0 i x >y) 


dT 

dT 

dx 

*y 

da 

da 

dx 

dy 


Any two of the four quantities T, a, p, ?? can be chosen as x t y- 
This can be done in six different ways and correspondingly, we have 
six thermodynamical relationships, though all of them are not 
independent. 

^ 30. First Relation.— Let us take the temperature and the 

volume as independent variables, and put x = T, y = v in (47). 

Then 

0T dv 

dx ~ 1 By ~ " 

0T dT dv A 

and --= -=0; — =0, 

dy dv dx 

since T and v are independent. Hence w T e have 

G0r"Gr).. (48J 

which implies that tlie increase of entropy per unit increase of volume 
at constant temperature is oqual to the increase of pressure per unit 
increase of temperature when the volume is kept constant. We can 
apply equation (4B) to the equilibrium between the two states of the 
same substance. Multiplying both sides by T 


/SQ N =7 i(8p\ 

\Sv )t \dT/t 


which means that latent heat of isothermal expansion is equal to the 
product of the absolute temperature and the rate of increase of 
17 
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pressure with temperature at constant volume. Thus if a body 
changes its state at T° and absorbs the latent heat L, and the specific* 
volumes in the first and the second states are v x , v a , equation (40) 
yields 


or 


(50) 


_ qi^P 

u a -u 1 ” dT m 
ep _ L_ 

9f~T(v 2 -v\y 

This is Clapeyron s equation and is one of the most useful 
formula; in thermodynamics. A more rigorous proof ot this will be 
given in sec. 39. 

Let us first employ (50) to find the change in the lreezmg point 
of a substance by pressure. In the case of water ut 0°C., 

L — 79 6x4'18xl0 7 ergs per gm. 

T = 273. 

v 2 = I’OOO c.c. (specific volume of water at 
u, = 1-091 c.c. ( „ 11 „ icr- at 0 D C.) 

. dp 79 0 x 4'lti x 10 7 
‘ ’ dT 273 x (1-1091)’ 

Now if Bp - 1 atmosphere — l'()13xl0“ dyne/cm 1 ', 

ST -00075°. 

This shows that the melting point of ice is lowered by increase 
of pressure, the lowering per atmosphere being 00075°: The pressure 
necessary to lower the melting point by l°t\ is l/ ()075 = 133 
atm./cm 2 . This accounts for the phenomenon ui Itegclatiom of ice 
and the experiment of Tyndall (p. 110). 

These results werp quantitatively verified by Kelvin. His experi¬ 
mental results are given in Table 1. 

Table 1 .—Depression of freezing point with increase of pressure. 


j Depression of freezing point in °C. 
Increase of pressure. | - 



observed. 

calculated. 

8'1 aim. 

00580 

00007 

Ifr8 

01289 

01200 


Tor substances which contract on solidification thB melting point 
will be increased by pressure. Thus for acetic acid whose melting point 
is 15’5 9 C. de Visser found experimentally that an increase of pressure 
by 1 atmosphere increases the melting point by 0’02482°C. J while 
equation (50) gave 0'02421 P C. This verifies relation (50). 
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Equation (50) will also hold in the case of fusion of metals. With 
its help the change in melting point of any substance with pressure 
can be easily calculated. The values so calculated, together with the 
experimentally observed values, for a few metals are given in Table 2.* 
The agreement is fairly satisfactory. 


Table 2.—Change in melting point with pressure . 


Metal. 

Melting 
point 
in °C. 

Latent 
heat in 
cal./gm. 

vi-v t 
in c.c. 
per gm. 

ST per 
1000 
atm. 
(calc.) 

ST per 
1000 
atm. 
(obs.) 

Sn 

231*0 

14*25 


+334 

+ 3-28 

Cd 

320*4 

13*7 


+ 5-91 

+0-20 

Pb 

326*7 

5*37 


+ 8-32 

+ B03 

Bi 

270*7 

126 


-356 

-3-55 


Equation (50) may also be employed to calculate the latent heat. 
For the vaporization of water at 100°C. we have the following data:— 
T - 373°, v L = 1 c.c., v 2 — 1674 c.c. per gram. 


-jjjr = 27’12 mm. of mercury. 

373 x (1674-1) x 27*12 x 1013 x 10“ 
760 x 41B5 x 10 7 


= 539 cal./gm. 


The accurate experiments of Henning give L = 538*7 cal. per gm. 
at 100°0. which is very close to the calculated value. We can also 
calculate the latent heat of evaporation of water at various tempera- 

Bp 

tures from (50) if we know the values of v 2 and ^ at these tempe¬ 


ratures. The values of L so calculated are given in Table 3, together 
with the observed values. The agreement is seen to be very close. 


Table 3 .—Latent heat of steam at different temperatures. 


t°c. 

dp . 

dT m mm ‘ 
of Hg. 

v 2 in c.c. 

L (calc.) 

L (obs.) 
Henning 

100 

110 

120 

130 

140 

150 

160 

170 

180 

27*12 

36*10 

47*16 

60*60 

76*67 

95*66 

117*7 

143*4 

172*7 j 

1674 

1211 

892*6 

C690 

509*1 

393*1 

307*3 

243*0 

194*3 

539*5 

533*4 

526*6 

520*1 

512*9 

505*7 

497*5 

489*8 

481*8 

53B*7 

532*1 

525*3 

518*2 

510*9 

508*8 

490*6 

489*4 

482*2 


* Taken from Jellinek, Lthrbuch dcr Physikaltichen Chemie, Vol. 2, p, 517 
(1930 edition). 
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31. Application to a liquid ^ —Equation (46) may also be 
applied to the case of a liquid film. If Buoh a film is Btretohed f its 
volume remaining constant, the energy equation for this oaee is 

(BQ)* = du — 2acL4, 

for the work done by the film is -2 adA t where a is the surface tension 
and dA the increase in area of the film. The usual term pdv on the 
right has disappeared since the total volume remains constant. Hence 
corresponding to p and dv we have in this case — 2a and dA respec¬ 
tively. Therefore equation (49) yields 



and for a finite change 

*« - - aT Ci). "■ • ■ • <n ’ 

For a liquid the surface tension decreases with temperature, 

therefore ^ is negative and 8Q is positive. Hence an amount of 

heat must be supplied to the film when it is stretched in order that 
its temperature may remain constant. In an adiabatic stretching the 
temperature will fall by an amount 



where C A is the heat capacity of the film. 

32. Second Relation.—Another important application of the 
thermodynamic formula* consists in their application to Borne adia¬ 
batic changes such as the sudden compression of a liquid or sudden 
stretching of a rod. For this case let us put x - T, y = p. Equation 
(47) then reduces to 

C*) = -C-l) .< 53 > 

W )t \07v„ 

which means that the decrease of entropy per unit increase of 
pressure during an isothermal transformation is equal to the increase 
of volume per unit increase of temperature during an isoboric process. 

Multiplying both sides by T we have 



where a is the coefficient of volume expansion at constant pressure. 
From this relation it follows that if a is positive, i.e. r the substance 

expands on heating, * s n6 g & tive, and hence in this case an 

amount of heat must be taken away from the substance when the 
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pressure is increased, in order that the temperature may remain 
constant. That is, heat is generated when a substance which expands 
on heating is compressed. For substances which contract on heating) 
a cooling should take place. 

These conclusions were verified experimentally by Joule who 
worked with fish-oil and water. The liquid was contained in a vessel 
closed at the top by a piston and pressure was suddenly increased 
by placing weights upon the piston. The change in temperature was 
measured by a thermopile. From (54) we can deduce the increase 
in temperature produced by a sudden increase of pressure AP- 
We have* 


AT= T ~AV .(55) 

where c 9 is the specific heat of the substance and v its specific volume. 
We have assumed that v a /r p is independent of pressure, and then 
integrated for a finite change A V P- Joule’s results with water are 
very interesting and are given in Table 4. 


Table 4 .—Increase in temperature of water by sudden 
increase of pressure. 


AP iu kg. per cm 2 

Initial temp, 
j in °C. 

A T (obs..) 

AT (calc.) 

2010 

i T20 

-0*0083 

-0*0071 

2619 

5-00 

+ 0 0044 

+0*0027 

2010 

lroo 

0*0205 

00197 

2010 

1H-38 

00314 

0*0340 

2619 

3000 

00541 

0*0563 

2017 

3117 

00394 

00353 

2017 

4040 

00450 

00476 


Tho agreement between the observed and tho calculated values 
is seen to be very close. This proves the essential correctness of the 
theory; in fact these results formed one of the earliest experimental 
verifications of tho second law. Thus the thermodynamic theory 
explains the remarkable fact that water below 4°C. cools by adiabatic 
compression inspite of the fact that the internal energy is incrased. 

Another series of experiments consists in the adiabatic stretching 
of wires. The best results were obtained by Haga. The change in 
temperature of the stretched wire was measured by means of a 
thermopile formed by the wire itself and another thin wire wound 
round it. It will be seen that tension means a negative pressure 
and hence wires of substances which expand on heating should show 
a cooling when stretched adiabatically. In this case the work done 


We may directly deduce this result from equation (56), 
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is not pdv but — Ml hence ^ must be replaced by where l is 
the length of the wire. Hence in place of (55) we get 


- - T f*L\ 
C\ 9 T). 


| AF = - — AF. 

J> WC P 


where is the coefficient of linear expansion, w the m&BS per unit 
length of the wire, c w its specific heat in mechanical un its and C the 
heat capacity of the wire. 

For a German silver wire of diameter O’105 cm. at room tempera¬ 
ture, Haga found the mean value &T = -O’1063 for a tension of 
13*05 kgm. and = —01725 for 21*13 kgm. tension, giving a mean 
value of 0*00813 per kgm. If we substitute the values of w, c Pf ft in 
equation (56) and use the value J = 4‘lBxl0 7 ergs per cal., we 
get = —0*00810 in close agreement with the experimental value. 

India-rubber when moderately stretched has a negative expan¬ 
sion coefficient. This should show a heating effect when further 
stretched adiabatic ally, which is found to be true experimentally and 
may even be felt by the lips. 

33. Other Relations. —Besides the above two, there are other 
less important relations. ThuB putting x = b, y = v in (47) we get 

(£).--<£)..<"> 

This is the third relation. Again putting * = y =?p we get 

(.7).-(H),. w 

This is the fourth relation. The interpretation of these results is 
left to the reader. 

The above relations are known as Maxwell’s four thermodynamic 
relations. Besides these, there are two more relations which may 
be obtained by taking p, v t or T, s, as the pair of independent 
variables. They are 

C7).(H),-(7),(.t).-‘ • • » 

(&).G&-Ga(&).->- • ■« 

These are called the fifth and sixth relations and are much less used. 

34. Variation of Intrinsic Energy with Volume. —From the 

relation * we ky substituting for da 



*■] 

that 


VARIATION Of INTRINSIC ENERGY 


268 


= t/Ae\ _ p . 
\ 8 »Jr \»'f Jv 


This equation enables us to calculate the variation of intrinsic energy 
with volume. 

For perfect gases* f ^ , hence =0 (Joule’s law p. 47). 

RT a 

For gases obeying the van tier Waals’ law p = Jy~Zb) ~~ V* ^ can 
be easily seen by substituting in (61) that 

(w) T ~ h ■ • • ■ (62) 

For general systems, we can transform (01) to a form which allows 
us to calculate ^ from experimental results. This follows from 
equation (13) of page 236 where it is shown that 

cm - -fi4Vf::v • ■ • <«» 


Hence 


(9P\ _/B_P\ /B ,! N 

\iT) e - \tv)i\tT); 

(::) r 


= TE*-p .(64) 

where E = bulk modulus of elasticity, a — coefficient of volume 
expansion. 

3 II 

We shall compare the ratio ^ : p for a typical liquid, vie., 

mercury. For mercury at 0°0 and atmospheric pressure we have 
as on p. 236 

( d JL \ - 46 5 atm. cm" 2 °C _1 


Hence 


j, ^ - 46 5 atm. cm" 2 °C _1 
- fl U A = 40 5 x 273 2 -1 = 12700. 

p \ 8u Jt 


Now —■- is sometimes known as the internal pressure the idea 

being that the visible pressure is equal to the force per sq. cm. 
with which the particles bombard a layer inside the liquid minus the 
internal pressure, i.e., force/cm* with which they are drawn inwards 
due to forces of cohesion. The above comparison shows that for 

# U, V refer to a gram-molecule, hence a in general. In the text' 

dr 

both forme have been need. 
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ordinary liquids, this force is very great but when we increase the 
temperature, the ratio diminishes till it vanishes when the perfect 
gas stage is reached. 

35. Hie Joule-Thomson Effect. —In Chapter VI, we proved that 
in the Joule-Thomson expansion u + pv remains constant -while the 
pressure changes on the two sides of the throttle valve. Let us 
calculate the change in temperature due to an infinitesimal change 
in pressure during this process. We have by the conditions of the 
process 

d(u + pu) — 0.(05) 

Since from the two laws of thermodynamics du + pdu = Tds, wo 


have from 

(65) 

Tdn + vdp - 

or 


Now 

T (ZV w £), 

Hence 



Hence c p dT = ^ T ^ - v jdp, 

■ ■ • •«"> 

This cues the Joule-Thomson effect ( ] . 

\ d V Jh 

Por a perfect gas, T (•*). — V i h easily seen to be zero and the 

Joule-Thomson effect vanishes. The porous plug experiment therefore 
provides a very decisive test of finding whether a gas is perfect or not. 
Por a gas obeying van der Waals’ law it can be proved that 

/0T\ l 2n(V- b) 2 ~bV_ 2 llT V 
RTV'-2a(V-hf ' c p 


1 /2 a t \ 

“ f’l ( rt ~ h j a rr rOX - 


Hence ^ is positive, i.c., when 8p is negativo there is cooling 
2a 

as long as T<-gj^. At T greater than 2a/bR the gas becomes 
heated on suffering Joule-Thomson expansion. The temperature 


# h stands for the total heat u+jru or the enthalpy of the system. 
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given by T* = 2ajbR is called the temperature of inversion since on 
passing this temperature the Joule-Thomson effect changes its sign. 

2a 2? 

It will be easily seen that «= — T e approximately where T e is the 

critical temperature of the gas. We have already dwelt upon this 
point in Chap. IV. These results have been approximately verified 
by experiments. 

36. We will analyse the Joule-Thomson effect in another way 
which perhaps gives a better insight into the mechanism of the 
phenomena. We have 


\®r /* v>77, vv)t 

Tds — du + jtdv . 

c ( ST \ = -( du \ 

‘ A®/' A VP/r ) t ' ‘ 


The first term on the right measures deviation from Joule's law 
while the second gives the deviation from Boyle’s law, and the 
Joule-Tliombon effect is the resultant effect due to deviations from 
both these laws. 


Now (—) is always negative, for that part of the internal 

Vi‘ / 

energy which is due to molecular attractions always decreases with 
decrease of volume, i.e., increase of pressure. Hence due to devia¬ 
tions irom Joule’s law alonB the Joule-Thomson effect will be a cooling 
effect. Upon this will be superposed the effect due to deviations 

from Boyle’s law which is a cooling effect, if is negative (i.e., 

before the bend in Tig. 0, p. 98) and a heating effect if ~~ 
is positive. 

37. Correction of Gas Thermometer. —Equation (67) can be 
directly utilised for giving the absolute thermodynamic scale from 
observations on an ordinary gas thermometer. Eor we have 


n (*v\ = P 

\*t)p "vpJ* ' 


where all these quantities ought to be measured on the thermo¬ 
dynamic scale. In actual practice we use a gas or any other thermo¬ 
meter to measure this temperature which we may denote by 0 
and c p ' denotes the specific heat on this arbitrary scale. We have 


dQ 

°>=TT 


dp d$ 

do W 
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Further 

Hence (67) yields 



The quantities occurring on the right-hand side can be measured on 
any thermometer; all that is necessary is that the same thermometer 
should be used in all these measurements. Further these quantities 
vary with temperature. As a first approximation* let us assume 
them to be constant. Then on integration we get 


log T = log + const. 


or T = a(v+nc p '), 

where p stands for the Joule-Thomson effect 



. . (70) 

and a is a 


constant. This shows that the thermodynamic temperature T is 
related to the volume of the gas in this complicated way and not 
only as T «= v as in the case of perfect gases. Let the thermodynamic 
temperatures corresponding to melting point of ice and boiling point 
of water be T 0 and T 100 respectively and the corresponding volumes 
of the gas be v 0 and v 100 . Then 


T, = Tg_ _ f,+ pc,: 

T\t„-T 0 100 '’ 100 -i> 0 ' 


1) — V 

Let x = —■* be the volump coefficient of expansion. Then 

lOOti, 

. 

This gives the temperature of the melting point of ice on the thermo¬ 
dynamic scale. 

The results for a few gases have been calculated and are given 
in Table 5. For hydrogen the Joule-Thomson cooling is -0039°C. 
per atm., Mc p =6'80 x 4*18 x 10 7 ergs per mole per "C, Afy 0 = 22'4 x 10® 
c.c. per mole and a = *0036618 per °C. 


* More accurately, however, we have to integrate over short intervals. 
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x.] 


■ \ 10* x 224 x 10 1 


) 


= 273'18 (1-*00050) =273 0 degrees. 


is therefore 
luring the 


Table 5.—Joule-Thomson correction to the gaa thermometer. 


Volume 
coefficient 
of expan¬ 
sion a 
per °C. 

Mean Joule- 
Thomson 
cooling per 
atm. 


Correction 

term 

V 80 
*v Q dp 

Thermo¬ 
dynamic 
tempera¬ 
ture T 0 

0036613 

— 0 039°C. 




'0036706 

+ 0208 




0037100 

+ 1005 





For air the data are most reliable and yield the value T 0 = 273'14°. 
It will be seen that though for the various gases the melting point 
on the uncorrected gas thermometer (0 O =1/a in column 4) is much 
different, the melting point corrected by making use of the Joule- 
Thomson effect comes to about the same value, viz., 273°. 

To find the correction to be applied to the gas thermometer at. 
other temperatures we must employ (70). Thus comparing (70) and 1 
(71), we have a = l/v 0 a. Then any temperature T x is easily found’ 
if we measure the corresponding specific volume and the Joule- 
Thomson effect; for 



The gas thermometer temperature is and the correction* 

term is — • - . But as already mentioned on page 10 the existing 

U 0 ot 0p 

data on Joule-Thomson effect are not sufficient, and the corrections 
are usually calculated from deviation from Boyle 'b law. 

38 . Examples. —We will now give a few examples which will 
illustrate the utility of the foregoing thermodynamic formula and 1 
will give some practice in applying them. 

1. Prove that c,-c,= (—J = THatv, where E is the 

\pT/v\bT/p 

bulk modulus of elasticity, « the coefficient of volume expansion an<H 
v the specific volume. 
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d 2 S 0-D 

respect to T we get-^ 

dTdv 0 1* 


Differentiating partially with 


and therefore 


"* r Ci)r°- Ch)f - («). 

Furth " lro “ '■ “• (If). - -fflrO, 

a. ft™ ft.. (’^ - *(£), • 

I We have ( 9 - | = l- P ) ■ Differentiating partially with 
|_ \9v/T W. 

respect to T we get 0 Now r»=T f — ) and therefore 

aTau af' 2 \a T/. 

=T 0S * = ^1 
\ao )t bubt aTao \b 2 'v»J 

3. Provo that ( 0r /j = -T . 

W )t V ar Vp 

[ Start from | 8 — | = — f ] and pioeeed as above. 

WA Wp J 

39. CUpeyron’s dednction of the ChniMUB-Clapeyron Relation.— 

This equation was deduced on p. 258 but the method employed there 
is open to objection because the thermodynamic relations hold rigor¬ 
ously for a homogeneous substance and their extrapolation to dis¬ 
continuous changes is open to question. As however the relation is 
important, a more rigorous deduction is given below which is due to 

Clapeyron. 

A E Let ABCD, EFGH (Fig. 4) represent 

1 1 two consecutive isothermals at tempera- 

\\ P ^ N tures T and T + dT. From F and G 

\Vr*dT\ g draw adiabatics meeting the second 

y isothermal at M and N. We can 

P suppose a unit mass of the substance 

j I H to be taken through the reversible Carnot 

j\ ; \| x” cycle FGNM, for instance, allowing it to 

! f '■ expand isothermally along FG, adiabatic- 

___ .ally along GN and compressing it along 

«. A t j j a* NM isothermally and then adiabatically 

Fig. 4.—Clapeyron b deduction . _ uri m , 17 .. . 

of the Clausius-Clapeyron ^g MF - Tho substance at F is in 
relation. the liquid state and at G in the form 
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of vapour. The amount of heat taken during the cycle is therefore 
L + dL at temperature T + dT. Therefore the work done during the 
cycle is from equation (10), p. 213, given by 

(L + dL^T^^Lzl)^ to the first order. 

\ T + dT ) T 

Again the work done during the cycle = area of the parallelogram 
FGNM which is in the limit equal to FG multiplied by the perpendi¬ 
cular distance between FG and MN, i.e., dp the increase in pressure 
due to increase in temperature by dT . Now FG is the change in 
volume due to evaporation of 1 gram of liquid and therefore equal to 
v 2 ~ v \ where t> 3 , v, denote the specific volumes of the vapour and 
the liquid respectively, Hence the area of the cycle is 

(vt-vjdp. 

Equating the two expressions for area we get 

(»,-«,>*P- L r M, 


dp __ Tj 
dT T(v 2 -v x ) ■ 


(50) 


Equation (50) is called the First Latent Heat equation or the 
latent heat equation of Clapeyron. 

40. Specific Heat of Saturated Vapour. —A simple expression for 
the specific heat of saturated vapour mav be deduced with the help 
of Fig. Consider the cycle represented bv the curve BFGC. The 
amount of Heat taken by the substance during its passage from B to 
F is Cg^dT and that during the path FG is L -i-dL. On the other hand 

the substance gives back heat equal to dT during the path GC 
and equal to L during the path CB. c 9 i denotes the specific heat of 
the liquid in contact with vapour, and the specific heat of the 
vapour in contact with liquid (specific heat of saturated vapour). The 
total amount of heat taken during the cycle BFGC is 


Cg^dT + L+dL-Cg 9 dT—L t 

and this must in the limit be equal to the area FGNM, which is 
equal to as proved in the last section. 

^ _ LdT 

/. c# 1 dT + L +dL-r ff dT-Jj— y-t 


or 


dh Tj 

dT~T ~ r '.- c ‘i* * • 


(78) 


This is called the latent heat equation of Clausius or the Second 
Latent Heat equation* 
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It may be noted that c a% is neither the specific heat at constant 
pressure nor the specific heat at constant volume. Here the liquid 
and the vapour always remain in contact and therefore the vapour 
always remains saturated. Both the pressure and the volume are so 
varied that the condition of saturation is always satisfied. It is easily 
seen that c fj does not appreciably differ from c Pi , the specific heat 

at constant pressure, lor the effect of pressure is too small to bring 
ubout any considerable change in the state of the liquid. cun 

therefore be put equal to c Pi . We can now calculate the value of c f| 
from Lquatioii (73). .Fur water at 100"0. 

= -U'04 cal. L - 530 cal. gm.” A 


T = 373°, c Pj ^ 101 cal. gm.- 1D C- A 
530 

c #> — 101-0*64-— — -107 cal. gm.-^O 1 . 


Thus the specific heat of sutuiated water vapour ut 100°C. comes 
out to be a negative quantity. This is rather a paradoxical result 
but at the same time perfectly true. In Chapter 11 w T e ha\e seen 
that tbe specific lieat may vary from + ao to — ao depending entirely 
upon the external conditions. In the present case the condition of 
saturation has to be always satisfied. Now saturated water vapour 
has a pressure of 760 mm. at 100°U. and 787'6 mm. at 1U1°C. i.e., 
the specific volume of saturated water vapour decreases as the tem¬ 
perature rises. This is so with all vapours. Hence when saturated 
water vapour ut 100°C, is heated to 101 °C. at constant pressure it 
becomes unsaturated, but since the condition of saturation has to be 
satisfied, it must be compressed till the pressure becomes 787‘G mm. 
This compression generates heat, and in the case of water at 100°C. 
the heat generated is so great that some of it must be withdrawn in 
order that tho temperature may not rise above 101 D . The net result 
in this case is that heat must be withdrawn from and not added to 
the system during the whole operation. Thus we explain physically 
why the specific heat of saturated vapour sometimes becomes negative. 

The same idea can be expressed mathematically. We have 


= ( a lA .f d ^\ / s l\ 
W«.. Wp W )A*t)u 


where 



refers to the condition of saturation being satisfied. 


Or 


c. = c f -t/'— ) (iP) 

r \8 T /,\dT / 
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Now for all vapours 



is positive! and hence r« is alwaytf leas 


than Cp and may even become negative. 

From these considerations it will be seen that saturated steam 
must become superheated by adiabatic compression, o.g., water vapour 
at 100°0. and 760 mm, pressure, when compressed suddenly to 
737 mm. would be heated by 2*1 °C., and hence become superheated; 
in other words, when the temperature of saturated steam is raised 
it tjincs out boat. Conversely, when it is allowed to expand adiaba- 
tically, say, from 787 mm. to 760 mm., the temperature would fall 
by 2'1°C., i.c., to 98*9°, and hence it would be supercooled, and 
partial condensation may occur. For certain vapours such as saturated 
ether vapour, the work done in compressing the substance is not so 
great and the specific heat is positive. These do not become super¬ 
heated by adiabatic compression. 

These conclusions were experimentally verified by Him in 1862. 
He allowed steam from boilers at a pressure of five atmospheres 
(temperature about 1.52 °C) to enter a long copper cylinder fitted with 
glass plates at its ends. When all the air and condensed water 
had been driven out, and the cylinder had attained the temperature 
of the steam, the taps in the supply and the exit tubes were closed, 
and the vapour when viewed from the ends looked quite transparent. 
The exit tube was next suddenly opened and the vapour expanded 
adiabatically and a dense cloud was observed inside the cylinder. The 
cloud how ever soon disappears as the cooled vapour rapidly absorbs 
heat from tlip walls of the cylinder which are at 152 D C. No such 
condensation was observed in experiments with ether vapour. 


41. The Triple Point. —If we now plot the saturation value of p 
against T we get a curve OA (Fig. fi) the slope at every point of 
which will be given by 

rfr = W . 

dT T( 

where L 1 is the latent heat of vaporisation, and r g , v\ denote the 
specific volume at the temperature considered. 

To fix our ideas let us consider the case 
of water. When the temperature is re¬ 
duced to 0°C. water freezes and we get 
ice. But ice has also a definite vapour pres¬ 
sure which has been measured. The vapour 
pressure curve of ice may be represented 
by the line OB, the slope at every point 
of which will be given by 
dp = 

dT T(v g - v 9 y 

where L a is the latent heat of sublimation. 
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Similarly for the phenomenon of melting, the curve OC represents 
the relation between pressure and temperature, and the slope at any 
point is given by 

dp _ L , 

dT ~ T(*, 

where L t is the latent heat of fusion. We have already seen on 
p. 258 that for = 138 x 10‘ dynes cm.“ a °C“ 1 , t.e., the curve 

should be almost vertical. 

For substances which contract on solidification the slope of OC 
will be positive. The three line4 OA, OB, OC are respectively called 
vaporization line, sublimation line and fusion line, and in the parti¬ 
cular case of water they are called steam line, hoar-frost line and 
ice line respectively. 

Consider the substance in the state represented by any point Q 
above the line OA. It will be noticed that the pressure of the subs¬ 
tance in this state is greater than that which will correspond to the 
saturated vapour pressure at that temperature and which is given 
by the intersection of OA with the ordinate drawn from Q. At 
this higher pressure represented by Q, therefore, the substance can¬ 
not boil at this temperature as boiling point is raised by pressure, 
and must therefore exist as liquid. Thus the region above OA re¬ 
presents liquid state. Similarly for points below OA the corres¬ 
ponding vapour pressures are too low and the substance must exist 
as gas. Similarly above OB the substance must exist as solid and 
below it as gas. Again above OC due to the larger pressure than 
that corresponding to the ire linp, ice will melt and therefore the 
region above OC represents water, and that below represents ice. 

It can be easily shown that these three curves must meet in 
a single point which is called the triple point. For, if the curves do 

not meet at a point, let them 
intersect each other forming a 
small triangle ABC (Fig. 6.). 
Then sincp the space ABC is 
above AB it must represent the 
liquid region, but jt is below 
AC and must therefore repre¬ 
sent gas, and is also below 
BC and must therefore also 
represent solid. Thus the re¬ 
gion ABC must simultaneously 
represent the solid, liquid, and gaspous states. Evidently it is 
impossible to satisfy these mutually contradictory conditions and 
the only conclusion to be drawn is that such a region does not 
exist. In other words, all the three curves meet in a single point. 

The coordinates of the triple point can be easily calculated from 
the consideration that at this point, the vapour pressure of water 



Fig. 6.—ImpoRsible intersections of 
ice, steam and hoarfrost lines. 
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is equal to the melting pressure of ioe. The vapour pressure ol 
water at 0°C is 4*58 mm. and at 1 B C, 4*62 mm. Thus the vapour 
pressure rises by 0*34 per degree, and therefore, if t is the 
triple point the vapour pressure p at the triple point is given by 

p = 4*58 + 0*84«. . . (74) 

The melting presume of ice at 0°C is 760 mm. and the change of 
melting point with pressure is 0*0075 °C per atmos. Therefore the 
melting point t at the pressure p will be 


x 0*0075 

t — 0'0075 7flo “f* 


Solving (74) and (75) we get 

1 - 0007455 D (J 


and p =- 4*5824 mm. 


(76) 


It will be apparent that since the change in vapour pressure is too 
small in comparison to the change in melting pressure, it is useless 
to go through the complicated calculation given above and we can 
simply assume that p = 4*58 mm approximately (as t will be \ery 
near 0°t 1 ) and calculate the corresponding melting pressure. Thus 


t =r 0*0075- 


0*0075 x 4*58 
760 “ 


0 007455°C. 


The cool rlmates ol the triple poiut are therefore T= m 0075°C., p-4 58 
mm. At this point three phases (solid, liquid and vapour) co-exist. 

It was formerly supposed that the curves OA, OB are continuous. 
It was tnst proved by Kirchhoff that this is not so, for according 
to (50) 

r /£ tor OA at rrr~ ~~ \ 

itT 


607 x 4 18 x 10 7 x 760 
273 x 21 x 1() 4 x 10* 


./p 

dT 


Ini 


OB (sublimation) -= 


— 0*337 mm per degree. 
087x4 18 xl0 7 x 760 
273 x 21 x 10 4 x 10 8 


- 0*370 mm per degree. 

The dotted curve UA' is merely the continuation of OA It 
ippresents the vapour pressure of supercooled liquid. At — we 
have vapour pressure of liquid - vapour pressure of solid = *04 mm. 
of mercury. This has been verified by the experiments of Holhoin, 
Scheel and Henning. 

4%, Calculation ef Electromotive Force of Revenible Cells*— 

As is well known, voltaic cells are a convenient source of supplying 
continuous electrical energy, which is obtained from the chemical 
actions going on in the cell. The cell is simply a contrivance for 
converting chemical energy into electrical energy. In fact, with the 
aid of thermodynamical principles, we can calculate the E. M F. 
developed by o reversible cell if we have a knowledge of the heat 

18 
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developed by the chemical reaction going on in the cell. We shaLL^ 
now deduce the relation giving the E. M. 1. in terms of the heat 
of reaction. 


Let the cell constituents react at temperature T producing an^ 
E.M.F. = E volts. In the ordinary Daniell cell this consists in Zn 
being dissolved in dilute HaSOj and copper being deposited from 
the solution on the copper plate. The work done by the cell U 
A = EBn x 10 7 ergs where B is the charge carried b} a gram- 
equivalent of the ion and n, the valency oi the ion. From the firefc 
law the heat absorbed by the cell is Q A - C where (J is the heat 
of reaction. Let this heat be allowed to flow to a lower tempera¬ 
ture T — dT by any reversible process Then the work obtained is ^ 
from the second law. 


dA -VrfT 



Or putting for A the value EBn x LO 7 ergs, we have 
p T dE V U x 4'2 x 10 7 U 

Bn x 1() 7 " IMMTill x w x 10 7 ' 23050 x n ’ 
wherf V is expressed in calories This is the equation fm the 

E.M V. of reversible galvanic cells 

^\s an illustration let us consider the Darnell cell. It con&isK 
of a glass vessel (b’jg. 7) with it copper plate in the centre which 

dips in copper sulphate solution On thr 
othei siile is Zn-phite dipping in zuie" 

sill pi uite solution The two iu’e sepmnteil 
b\ n poious <*ln% vessel, thp function nf 
which is to pKwent quiek mixing o! the 
two ‘■alts. 

IMieii the two plates an* connected 
b,\ a wne a current passes from Cu to Zn 
through tin* wue outside the cell and from 
Zn to l'u inside tlie cell. Tlip E.M V 
is touiiil to be 1 (Ht volts. The passage ot 
the cuneiit is attended with chemieal ic- 
uotion —Zn goes into solution When" 
0613D coulombs pass, J gm.-atom (32,5 
gin ) ot Zn goes into solution, and \ gin. 
atom (31*5 gm) of copper gets deposited 
The i enction is ot the type 

* Thi* actions taking place in the cell are icceisiblc The reversible cycle 
ttin be completed as follows :—Let the tell be allowed to lose heat by an amount 
that its temperature falls to T dT , and the corresponding E.hf.F. becomes 
h d/C Next pass the charge Bn through the cell in the direction opposite to 
disihnrgmg. Cu will go into solution and Zn will get deposited on the zinc piste 
The heat evolved by thp cell in this process is from first Jaw -A dA - [V- dF\ 
Next allow the cell to heat up and rise to 7\ and thereby return to its initial 
state The work done by the rail is dA while an amount of heat A — U passe* 
from T to T—dT, dA ■=• (.4 - U)dTIT from the second law. We have 
neglected tlie heat stages (2) and (4). 



b ig 7. —Schematic diagram 
of the Daniell tell 
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Cu|0uSO 4 aq.|nq. ZnSOjZn. 
The net chemical reaction is 


[Zn] + (CuHOJ [ Cu] + (ZnS0 4 ). 

In this procebb, chemical energy is being converted to electrical energy. 
The chemical energy evolved in the process can bo worked out from 
the following two equations:— 


|Zn] + (H 2 S0 4 ) *=- (ZnSO) 4 +.n a i-24a e >00 cal. 
fCu] + (H a S0 4 ) - (CuBOJ fH a + 197370 cal. 

Tombining the above two we get 

[Zn] + (CuSOJ . [CuJ + (ZnS0 4 )+51180 cal. 

More accurate experiments of Jalin, however, show that at 0°C\ 


and 


U~ 50110 cnl per mole. 
JV4xl0"* V °^ 

dT degree 


, dh: noiio 

dT 28050x2 


I 087 volts. 


K -- i 087+ 273'2 x !V4 x H*-’ 1*09(58 volts approx 

while the experimental value is J'OOfi a nits Similarly can 
calculate the TH.M.F. of other reversible colh. 

The application id the principles ol theimodv nannies to radiation 
is discussed m the next elitiplei 

43. General Conditions of Physical or Chemical Equilibria— 

In sec. 22 we have stated that for all changes taking place m a 
system, the entropy of the entire system taken as 'i whole increases 
ur remains constant provided we include in the system all bodies 
affected by the change Hence the condition necessary for am 
change to take place in the system is Stf>0 ( where 8 is the entropv 
of the entire system affected by the change Now if the system is 
in such n state that this condition cannot be satisfied, i.r., for it 
8<8^0, then no change wdll take place. That is the system will be 
in equilibrium. This is the most general condition of equilibrium. 8 
here denotes a virtual change. 

In most eases however any virtual change consistent with the 
external conditions can be reversed if the sign of all the variations 
be changed. Hence if the change $S<0 is possible, the change 
8S>0 is also possible and the system will not be in equilibrium. 
Hence the condition for equilibrium reduces to 

85 = 0.. . (70| 

Thus the states ol equilibrium are given by the oondition that 
the entropy is a maximum. 
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Iii the above, $ denotes the entropy of the entire system affected 
by the change, i.e., the reaction system together with the surround¬ 
ings. I 1 or adiabatic processes there is no exchange of energy between 
the system and the suiroundings, and therefore the condition for 
equilibrium becomes SS = 0 where 8 denotes the entropy of the 
reaction system. In a general ease however we must put (70) in a 
more suitable form. For this the Authors’ Treatise on Heat should 
be consulted. 

Hooks Hrcnmmended. 

1. Fermi, Th( rmodynamim 

2. Planck, Treatise on Thermodynamics. 

3. Hnure, Thermodynamics 

4. Smith, The Physical Principles of Tht imndynamics (1952), 
Chapman & Hall. 

5. Epstpin, TfJ'i-Hoolx of Thermodynamics, John Wiley. 



CHAPTER £XI 

RADIATION 

1. Introduction. —Even when a heated body is placed in vacuum, 
it loses heat. In this case no heat can be lost by conduction or 
convection since matter, which is absolutely essential for both these 
processes, is absent. I 11 such cases we say that heat i& lost by 
'Radiation.' To differentiate this process from conduction, it ia 
enough to note that copper and wood, which are bo much different 
in their conducting powers, cut off radiation equally well when placed 
between the hot body and the observpr. 

Now heat has been shown to be a form of energy, und the pro¬ 
pagation of heat by radiation consists merely in a transference of 
energy. But the radiant energy in the process of transference does 
uot make itself evident unless it falls on matter. When it falls on 
matter and is absorbed, it is converted to heat and can be thereby 
defected. 


Let us now study some of the properties of radiant energy. For 
lhis purpose we require u source of beat as radiator and some instru¬ 
ment to measure the emitted radiation — 


As emitter Leslie employed a hollow metal 
cube tilled with hot water, whose sides 
could be coated with diffeient substances 
Tin* cube is so made that it ran be rotated 
about a vertical axis. Such n cube is 
called a Leslie cube anrl is shown in Fig. 1 
1 01 measuring the radiation the onrl\ 
experimenters employed a differential nu- 
thermometer or a thermopile which are 
described in the next section. 




Fig. I.—Leslie cube. 



Fig. 2.—Leslie tiif- 
fprooiiAl air ther¬ 
mometer. 


2. Some Simple Instruments (or Measur¬ 
ing Radiation. —Leslie, oup of the earliest 
workeis, used a differential air-thermometer 
which is now only of historical interest. This 
consists oi two equal bulbs A and B (Fig. 2) 
containing nir and communicating with each 
other through a narrow tube bent twice at right 
angles and containing Rome non-volatile liquid 
like sulphuric acid. When the bulbs are at the 
same temperature the liquid stands at the same 
height in both the columns C and D, but if one 
of the bulbs A is heated the level of the liquid 
tails in the column C and rises in the cnlumu I). 
By noting the difference in level of the two 
columns the difference in temperature of the 
bulbs can he easily calculated. 

Melloui was the first to introduce thermo - 


piles for the measurement of radiant energy. In its original form, 
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Melloni’s thermopile consisted of a number of bismuth and antimony 
rods, placed alternately with their ends joined, as indicated in Fig. 8. 

_ The left face forms the hot junction, and 

V the right the cold junction. The antimony 

\ bars are shaded and the bismuth bars are 

left clear. The current flows across the 
f G 1 hot junction from bismuth to antimony. 

Tn an actual thermopile a large num- 
/ her of pairs is employed. The bars are 

^—i/ arranged in tlie form of a cube such that 

all the hot junctions are at one face and the 
' thermopile °* * cold junctions at the opposite face. Such 

a cube is shown in Fig. 4. The near lure is 
the hoi junction and is coated black. The thick lines denote the 
insulating material, generally mica, between 
the different layers, and the thin lines v C 

denote the soldered junctions. The current C\. 

enters at A, flows across the sohleied June- 
tion at the near fare into the antimony bar, 
and so on. it'enters the next layer at It on 

the cold face and so on. Finally the current B 

leaves Ihp thermopile at V A thermopile 
mounted for use in shown in Fig. ,*i. The LIB H ||JF 
blackened face is presided with a eonieal 

protector to protect it from stray radiations, 1,10 hieiinopili*. 

while the eold face is envered with a metallic 

cap. Another cap serves to protect the hot junction when not in ma*. 


Fn». 4.—The llu'iinopjlo. 



Ollier Ujips of radioinelers are des¬ 
cribed in sections 21—24. 

3. Properties and Nature of Radiant 
Energy. —With the aid of these simple 
apparatus, it can be demonstrated that 
Radiant Energy and Light obey identical 
law s and have identical properties. We 
mention some of the points of resem¬ 
blance. 

( f) Radiant energy, like light , ran 
travel through vacuum , for we are able 
to receive heat from a hot electric glow 
lamp though it is highly evacuated. Even 
when a feeble current passes through 
the filament which is not sufficient to 
make the filament glow, the thermal 
radiation coming from the latter can be 


detected by a sensitive thermopile. 

FlK ’ ^ (mounted) rm ° PilP /«) Radiation, like light , travels in 

straight lines .—This can be easily seen 
for the heat coming from a flame can be easily out off by interposing 
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-a sere on just sufficient to prevent the light coming from it. On replac¬ 
ing the flame by a hoi non-luminous source, no heating effect can be 
detected by a thermopile. The exact geometrical shape of the image 
can be verified by cut Ling out a cross from the screen and holding 
dose tu it a piece of wood coated with paraffin wax. The wax will 
melt in the shape nt a cross. 

(ui) Radiation travels with the velocity of light .—This follows 
from the observation that the obstruction of the radiation from the 
sun during a total solar eclipse is immediately accompanied by a fall 
of temperature. 

(iv ) Radiant energy follows the law of inverse square like light. 
—This may be experimentally proved by the simple arrangement 
shown in Fig. A is a vessel 
containing hot water and having 
nin* surface B plane and coated 

with lamp-black. S is a thermo- 5 5 

* pile. Jt will he Inund thni ii we * 9 ^ 3 . 

move the thermopile to another Ao . --Aj 

position S' (say double the pre- f| y 

\ 1011 s distance), llie deflection nt p-ib-Jb- 

tho galvanometer connected to it 
will be unchanged Now' the area Fu*. 6 -Vmfiration nf mveisc 
of the suriace of B from which Mjiiare l.iw. 

ladiutiou eun teach the therinn- 

pile is iiicieascd tour timc*H, and the amount of radiatiou roachmj; 

the pile lemains the same, intensity of radiation must be reduced to 

}th, i.r , the intensity of radiation varies inversely as the square of 
the distnnee. 

(v) Radiation 
of)r i/s the laws nf 
reflection of tight — 
This can bo easily 
veiified by placing two 
parabolic mirrors A 
and B at some dist¬ 
ance apart with their 
axes 111 the same line 
(Fig. 7). A luminous 
Honree placed at the 
focus of A produces 
an image at the focus 
of B. If we replace 

, , , _ . the luminous source 

Fig. 7. V 01 ificatiou^ofjaws of rrSectum lot fay „ hot non .l umi nouS 

one, Hay a Leslie cube, 

and put a piece of tinder at the other focus, the tinder is ignited. 
This shows that heat and light travel along the same path and hence 
obey identical laws. In fact all the laws and results of geometrical 
optics are applicable to it. 
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fvi) Radiant energy suffers refraction , like light —A spectrum 
may be obtained by refraction through a prism (sec. 29). 

(tmj Thermal radiatioti exhibits the phenomena of interference 
and diffraction .—'Diffraction can be easily observed with the help of 
a concave grating or by employing a transmission grating made of a 
number of equidistant paiallel wires. 

{viii) Thermal radial ion can also bt polarised in the same way 
as light by transmission through a tourmaline plate. This can be 
shown by the following experiment:—Arrange that light from an in¬ 
candescent lamp tn*\ei«es two similar plates ol tourmaline On 
lotatmg one of the plates the image will be found to vanish. Replace 
the lamp by a Leslie cube Now a thermopile placed in the position 
occupied by the image will leuoid no deflection: if hnwevei one of 
the plates be intnted u deflection will be obseived. 

4. Identity of Radiant Energy and Light—Continuity of Spectrum. 

- All these obseivntiou^ lead us to the jonchiMon that ladiaut energy 
is identical with liglil \s we shall see presently Radiation m 
Radiant Eucigy is the general and mme expiessi\c teun, light (or 
lather visible light) beiug only a kiud oF radiant cneigy which lias the 
distinctive power of affecting the retina of tile human e\e, and thus 
P'oducing the sensation of colour But like othei kinds of ladiunt 
i light is also com cited to heat when it is absorbed b\ mattei 

The identity of light and radiant eneigy can further he st en 1mm 
the following expo urn cuts — 

(i) len we produce a spectrum of the sun by means of a pi ism, 
it is ter aated on one side by the red, and on the othei side by 
the viole^. But it can lie easily seen that these limits me uul\ 
apparent, and are due tn the fact thi* the human eye is a very 
imperfect instillment toi the detection of mdiation W Herschel’ 
(I MX)) placed n blackened theimometei bull) in the invisible part 
bevond the red, and round that the thermometer lecorded a use in 
temperaluie. The use in temperature was observed also when the 
thermometer was placed in the visible region. Thus W. Herschel 
discovered the infra-red part of the solar spectrum, and showed Unit 
il was continuous w’itli the visible spectrum 

The source of radial ion ui this case is the sim, which ma\ be 
legarded as an intensely hot bodv. But it may be substituted bv 
an\ sufficiently hot substance, say a piece of burning coal, the posi¬ 
tive crater of the aic, or a glowing platinum wire Only in these 
eases the intensity of radiation is not great, and the sppetrum does 
not extend so far towards the violet. 

fir") Production of light by heating. —A very simple experiment 
will suffice to bring out the point which has been just mentioned 
Suppose we take a piece of blackened platinum wirp and pass through 

* William Herschel (1738—18221 was bom at Hanover but settled iu England. 
He fitst worked as a musician and Inter became an astronomer. He discovered 
the plane! Uranus «n 1781 nnd Inter discovered the infra red radiations. 
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it a continuously increasing current;. The junction of the current 
u» simply to heat the wire. We ,find that it becomes warm, and 
sends out radiant energy. Il a thermopile be held near it, the galva¬ 
nometer connected to it will Bhow a deflection. When a slightly 
stronger current is passed the wire begins to glow with a dull red 
light. This shows that the wire is just emitting red radiation of 
{sufficient intensity to affect the human eye. Accurate observationst 
show rtiat this takes place ait about 52-VC (Draper point). With 
increasing temperature, the colour of the emitted radiation changes 
from dull red to cherry red (900°0), to orange red (1100°C), to 
yellow (1250° C), until at about 1600°C it becomes white. Thus the 
temperature of a luminous body can be roughly estimated visually 
from its colour. Such a colour scale of temperature is given in the 
ehmt on pp. 25-20 This shows that hhortrr wav r** arc entitled by a 
heated body in sufficient intensity only u*ith increasing temperature. 
Vice versa, we may argue that when the teinpeiature of the wire 
is below the Draper point, it is emitting longer waves than the 
led but these waves can be detected only by their heuting effect 

Radiant Energy oi Radiation is thu* a moie genera] name for 
Light Tt can be of any wave-length from 0 io oo as illustrated 
in the chart on pages 2B2 2Rlt Light forms less than Tt 4ths of 
an octave on the scale 

I 4 ]jrplfiliation of the Chart —Wp are using here the logarithmic 
stale, i.c., log A is plotted along the vertical line Thus ( -5) on 
the scale indipates that thp wavrleugth is 10~ J cm , ( —2) indicates 
that A—10r 8 cm. As shown in the chart visible light extends from 
7 * 10 ^ cm (red) to about 1 x 1 ()" % cm (violet) The infra-red part 
was discovered by \V. Herschel and the extension towards the longer 
wavelength side is chiefly due to the reststrahleu method of Rubene 
and Nichols These ravs are detected chiefly bv the thermopile, 
for ordinaiw photographic plates are not sensitive beyond the green. 
Above green, panchromatic plates may be used, blit they are also 
not sensitive beyond 8000 A T T Beyond this plates dipped in 
rixcMinine or neocyanine mn\ be used up to 10000 A. TT. Recently 

1 r> 5 

photographic plates sensitive up to 20000 A I T have been placed on 
the market 

The Hertzian weaves, are produced by pureh electromagnetic 
methods (due to oscillation of current in an inductance-capacity cir¬ 
cuit) and were first discovered bv Hertz in 1B87 Marconi applied 
them for wireless transmission (1894) Waves used for this purpose 
are generally 10—500 metre* iu length, though weaves of about 10 km. 
length have been used in the past These long electromagnetic 
waves differ from the light waves onh in their wavelength, and 
attempts have been made to get shorter and shorter wraves by purely 
electromagnetic methods so that one can pass continuously to the 

t According to a recent experiment by Babcock, per eon a who have rented 
their eyes in the dark carefully, can detect radiation even from a body heated 
to about 400*0. 
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ELECTROMAGNETIC WAVES 
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long infra-red rays* The limits successively reached are due to 
Lebedew, Lampa, Sir J. V. Bose (4 mm.) and the gap between, 
electromagnetic waves and heat waves has been completely bridged 
b\ the work of Nichols and Tear, Arcadiewa, and others. During 
World War II the technique ol production of waves of length from a 
few metres to a few centimetres has undergone a complete revolution 
by the discovery of magnetron and klystron tubes used for Badar. 

The ultraviolet part (rays shorter than the last visible A =3000) 
was discovered by W. Bitter in 1602. He found that a photographic 
plate was affected even beyond the visible limit. Glass spectrographs 
usually give lines as far as A - 3400, after which either uviol glass 
(limit A-=- 2800) or quartz prisms should be used. At about A= 2200, 
the gelatine used in the photographic plates begins to absorb. 
Schumann was the first to prepare plates without, gelatine and open 
up what is called the Schumann region. Below A - 1850 A.TJ. quart/ 
begins to absorb heavily, and Schumann therefore used fluorite- 
spectroscopes. Beyond A — 1400, air absorbs heavily, and the whole 
operation of producing light and photographing the spertrum must be 
done in vacuum. The pioneer in this field was Th Lyman of Harvard, 
who was able to photograph lines as far ns A - 600 In this region 
gratings have to be used for producing the spectrum 

X-rins were shown b\ M. Laue in 1012 to lie light wa\es of 
extremely short wavelength 10-* cm., i.c. t about 1000 times shorter 
than ordinary light. Hr used a crystal as diffraction grating The 
shortest X-ray measured hy the crystal method has the wave-length 

-- '05 A.TL y-rays, obtained in radioactive disintegration of the nuclei 
nf atoms, are still shorter, viz , ftnm 10“ 4 to l(r 1M cm in wavelength 

The gap between the Lyman region (600 A. IT.) and the soft 
X-nu region (about 20 A. V.) lias been grndualh bridged by the works 
of Millikan and Bowen, Compton, Thibaud and others. Millikan and 
Bowen used ordinary vacuum sppetrographs w T ith diffraction gratings. 
Their source of light was condensed vacuum spark. For wavelength 
in this region, crystal gratings have their spaces too small, while the 
ruled gratings have their spaces too large. Compton instituted the 
method of obtaining spectra in this region with the aid of coarse 
gratings at glancing angle (see M. N. Saha and N. K. Saha, Treatise 
on Modern Physics, Yol. T. p. 273). 

Since radiant hpat and light are identical, all thp laws and 
theorems of Optics and Spectroscopy can be applied to the stiuh 
of radiation. But in thiR chapter, we shall deal with the subject 
only nB far ar it is connected with heat Wp shall first enter into 
a preliminary discussion regarding the passage of radiation through 
matter. 

5. Fttftdamental Radiation Processes. —Every hot body emits 
radiation from its surface which depends upon the nature of the 
surface, its size and its temperature. This is known as cmiwiofi. 
When the emitted radiation falls on matter, a part is reflected 
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regularly m irregularly (diffuse), another part, is absorbed while the 
remainder is /rausNiiffrJ. The coefficient ot reflection. absorption 
and transmission mv connected by the relation 

r m t- f =- 1, 

^here r traction of total energy reflected 

tL - ,, >> absorbed 

t - ,, ,, ,, ,, transmitted. 

From our common experience, we can define certain substances 
with limiting properties as regards their behaviour towards radiant 
-energy. 

Perfectly Ithiel; Bodies .—For such bodies, r.- 0, i-0, tf- 1. 
Lamp-black is the ueavest approaeh to sueh u bod). Apparently, 
it neither refieets nor Irunsimts the light which falls on it, absorbs 
all, and hence appears black. But the perfectly black body is only 
an ideal conception, tor even lamp-black is found to transmit light 
of long wavelength. It absorbs about 96% of visible light, platinum 
black iibsmhs about H8%. 

6. Theory of Exchanges (Prevost—1792)-— Prior to 1792 the 
ideas leg aiding emission ol nidiunt energy were very much confused. 
lVople used to folk ol hot radiations and cold radiations. A block of 
ice was supposed to emit cold radiations because it produced a sensa¬ 
tion ot eold lh-exost ni (ieneva was Ihe first tr> rcroginsc that this 
was a loose way of talking. He said that substance* at all tern* 
peratuics emit liidiant energy, but Llie am mint increased with the 
teuipeiatuie and is not affected by the presence of surrounding bodies. 
The rise or fall oi temperature which is observed in a body is due 
(n its exchange of radiant energy vith surrounding bodies. This is 
known as Prrcost's Theory of Ejrrhtuujt 

Thus w T lien w'P stand near a fire, we leel the sensation of warmth, 
because our body, which is idsn a radiator, is receiving more energy 
from the fire than it is losing by its own radiation. When we stand 
neni a block of ice, we leel a sensation of eold because our body 
being at about 37 0 C loses more energy by radiation than it receives 
from the ice, which is at a much lower temperature, i.r., 0°C. 
These considerations are quite geneial, and may be applied to all 
similar phenomena. 

A body will cease to emit radiation only when it is at the 
absolute zero of temperature ( -273°C). 

7. Laws of Cooling. —When we have already recognised that 
every substance emits radiation by virtue of its temperature, it 
becomes necessary to investigate how its emission varies with the 
temperature and the nature of the surface. In this section we shall 
confine our attention to the effect of temperature, both of the subs¬ 
tance and the surroundings. Newton was the first to study systema¬ 
tically the loss or gain of beat by a body placed in a given enclosure. 
The experiments can be most simply performed by heating a large- 



280 


RADIATION 


[ CHAP. 


bulbed mercury thermometer and enclosing the bulb in an evacuated 
flask, the walls of which are blackened inside and are further main- 
la ined at a fixed temperature by means of a suitable bath. The 
rate of fall of temperature of the thermometer gives the rate of 

cooling. It was found that if we pint the rate of cooling — as 

ordinate against the excess ot temperature as abscissa, the curve is a 
straight line, nr in other words, 

- (i) 

where 0 O is the temperature nf the enclosuie, ?.r., the rate ot cooling 
is proportional to the excess of temperature of the substance above 
the surroundings. This is Nnvfon'x latu of cooling. 

The law holds when the temperature difference is not large. 
Even the earlier experiments showed considerable deviations from the 
law when the temperature difference exceeded 40°t\ 

In order to find out a law which will hold for all rliffeiences ot 
temperature, an elaborate series of experiments were performed by 
Dulong and Petit who found that their results were given by a formula 
of the form 


tt(0-e,) 

dt 


k(tfi -a^oy 




where a is a constant and k drpends upon the nature of the emitting 
surface, and 0 , & 0 denote respectively the temperatures of the emitting 
surface and the surroundingt^ 

Stelan + showed later that the lesults ol Dulong and Petit nun 
be represented by the equation 


(IT 

tft 


ir (T l 


T M 

1 (i >' 


(!*) 


where a lb a universal eoustant and T and T 0 the absolute tempera¬ 
tures of the body and its surroundings; or in other words, the 
emissive power of a substance varies us the fourth power of the 
absolute temperature. This is Stefan’s law nnd rnu be deduced iinm 
theoretical considerations (ridr sec 20) It is therefore the correct 
law of cooling for black bodies 

Newton’s law- nf cooling can be easily deduced from Stefun’s 
law when the temperature difference is small. Thus if the body 
at temperature 7'fST is placed in an enclosure at temperature T n K, 
the rate of loss of heat per second by unit area of the body is 


(T(T+m 4 -a'l 4 



(tT 4 - 4 * 7 * 37 ’ 


* Josef Stefan (1835—1893) was Professor of Physics in Vienna. He discovered 
the law known by his name. 
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neglecting higher pov ers of ST. It is thus proportional to the tem¬ 
perature difference ST. 

Exercise —A body cools from 50°0 to 40°r. in 5 minutes when 
its surroundings are maintained at 20°0. What will be its tempera¬ 
ture after a further 5 minutes? Assume Newton’s la* of cooling 
tu hold. 

a0): 1o k ,<SI - k1 f r 

Nr w tni t — 0, 0 =50 ; / - 5, 0 — 40 ; 

f =J0, 0- Ogg (to be determined) 

■' <' If- - r, lo fr^- 

Job, 01 a log, J!«hpwo 0. --- 333'C J 

8. Emissive Power of Different Substances — Preliminary Experi¬ 
ments. —Having made uu experimental study of how the emissive 
power varies with temperature, l^t us find hnw the emissive power 
\anes with the nutui e nt tlie surface uf the emitting body. ¥or this 
purpose one l.iee nf the Leslie cube is eonted with lamp-black while 
another face is coaled wilh the substanco whose emissivity is to be 
found. The radiation fiura both these surfaces can be allowed to fall 
alternately on a thermopile placed at some distance. The ratio of 
the deflections iccnrded by the thermopile in the two eases gives 
the ratio nf the emissive powers of the two substances. In this 
way the relative emissivitics of different substances were determined. 
The experiments were performed by Leslie, Melloni and ofhers. 

9. Reflecting Power.--The reflecting power of different subs¬ 
tances can be very simply found by allowing the radiation from a 
Leslie cube to fall on a reflecting surface and the reflected radiation 
to fall on a thermopile. Next the thermopile is placed at the position 
occupied by the reflecting surface. The ratio of the deflections in 
the tw r o cases gives the reflecting power. This however varies with 
the wavelength of radiation employed, and as parlier workers did not 
employ monochromatic radiation, their results are not of much value. 

10. Diathermancy. —Diathermancy with regard to heat is 
analogous to transparency in Hi" case nf light. Substances which 
allow’ radiation to pass through them are called diathennanous , while 
those which do not, arp called ai henna nous. The early experiments 
in this direction were performed by Melloni and Tyndall. Direct 
radiation from a Leslie cube fell on a thermopile producing deflec¬ 
tion ; next the experimental substance was introduced and the deflec¬ 
tion observed. The ratio of the two deflections gives the diathermancy 
or transmission coefficient of the substance. Solids, liquids and gases 
were treated in this way. The best diathermanous solids are rock- 
salt (NaCl), sylvine (KC1), quartz, fluorite and certain other crystals. 
Pure air is highly diathermanous, but water vapour and carbon 
dioxide show marked absorption. 
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1L Absoiption# —For studying the absorption of solids Melloni 
took a copper disc and coated one face with lamp-black and the other 
face with the experimental substance. The copper disc was placed 
between the Leslie cube and the thermopile, the lamp-black surface 
facing the thermopile. The plate will assume a steady temperature 
T. The heat radiated per unit area of the plate is 

H — (E+E')T, 

where E and E' denote the emissivity of lamp-black and of the 
substance. Now this must equal the radiation which it absorbs. 
The theunopile reading gives ET and therefore E. Knowing E aud 
E' we get /y, the energy absorbed. In this way the absorptive powoi 
ot different substances could be compared. For gases a sensitive 
arrangement was employed. 

The terms diathermanous or alhcrmanous lack in scientific 
jaeeisiun. Every substance ought to he defined, so far as its trans¬ 
mitting nr absorbing properties arB concerned, with respect to a parti¬ 
cular wavelength. Jn the ubove experiments monochromatic 
radiations were not employed. The whole subject is n^w studied us 
a branch of physical optics under the head ‘dispersion and reflection' 
with which it is intimately connected. 

12. Relations existing between the different Radiation Quan¬ 
tities. --The foregoing experiments however show that at the same 
temperature a lamp-black surface emits the maximum energy while 
a polished surlace emits \ery little energy. It was further found 
that radiating and absorbing powers vary together ; that good radia 
tom arc good absorbrrs and poor refit rfors, while poor radiator* art 
poor absorbers. Lamp-black is opaque to radiation but allows radia¬ 
tion of very long wavelength to pass through it. 

A very simple experiment devised by liitchie demonstrates 
vividly the relation between emissive and absorptive powers of a 
body. A Leslie cube Ah, which is a hollow 
metallic vessel and can be filled with liquid 
at any temperature, is placed between the 
two bulbs oi a differential air thermometer 
(Fig. 8). The luce A oi the cube and the 
bulb II are coated with lamp-black while tlie 
face H and the bulb V can be coated with n 
layer of the substance whose emissivity is to 
be investigated, sav powdered cinnabar. "By 
filling the cube with a hot liquid the index 
was not found to move, and hence the amounts 
of energy received by C and T) are equal. If e denotes the amount 
of heat emitted by the substance and a its absorptive power, while E 
and l denote the corresponding quantities for lamp-black, we have 

c = aE. 



Fig. 9.—Ritchie's experi¬ 
ment. 


or 


6 

«■ 


• (4) 
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Now e/E may bo called the coefficient of emission of the subs¬ 
tance, and hence the relation shows that the coefficient of emission 
is equal to the absorptive power. It will be seen that the effect of 
tempeiature ipon the coefficient of emission has been neglected here. 
Nevertheless the expeliment shows at least qualitatively that the 
coefficients of omission ami absorption vary in the same manner from 
one substance to another. 

These ideas were further developed and made more precise by 
Kirchhoff and Balfour Stewart. Before proceeding further it is how¬ 
ever necessary to define tlie concepts used in Itadialion with more 
rigour. We now proceed to do this in the next section. 

13. Fundamental Definitions. — If a body is heated it radiates 
heat from its surface in all directions, which comprises wav'»s of all 
lengths. The nature of radiation depends on the physical properties 
of the body. We denote by r x dA the* amount of radiation measured 

in ergs emitted normally per unit area per unit solid angle per second 
within the wavelengths A and A + dA. We shall call the emissive 
power of the body. Similarly if dQ^ be the amount of radiant energy 
falling on the body in tlie form of rudintion ( A to A + d A ) and a 
fraction a^dQ^ of it is absorbed by the body and converted into 
heat, then a^ is called thn absorptive power of the body for these 
rays (A to A 4 rfA ). For black bodes = 1 for all wavelengths, 
hut for other substances depends on the physical nature of the 
body. 

*'■^4. K’rcbh off’s Law.—Tn sec. 12 we saw that, emission and 
absorption vary together. Tn lflf>D, Kirchhoff* deduced an important 
law which may be stated as follows : — 

At a tjivm temperature the ratio of the (missive poirrr to the 
absorptive power is the same for all substances and is equal to the 
emissive power of a perfectly black body. 

Though this law was first recognised by Balfour , Stewart, 
Kirchhoff was Ihe fust to deduce it from thermodynamical piinciplos, 
and apply it in all directions. It is therefore usually known as 
Kirclihoff’s law. 

Wp have considered here the total emission regardless of wave¬ 
length but the same relation holds for each wavelength separately. 
Thus for radiations of the same wavelength and the same tempera¬ 
ture, the ratio of the emissive and absorptive powers for all bodies 
is the same and equal to the emissive power of a perfectly black body. 
This also holds for each piano-polarised component of any ray. 

KirohhnfPs own proof of the law is however very complicated 
and has somewhat fallen into disusp. We shall give in sec. 10 n much 
simpl : fied proof of the law. But before doing fen let us consider its 
applications. 

* Guvtnv "Robert Kirrhhoff i 1S2*—1P07), bom nt Koiug».berg, became Pro'essor 
of Physira at Breslau and Heidelberg. He i« noted for his discoveries in spectrum 
analysis and the radiation law bearing bis nan.e. 

19 
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15, Applications of KircbhofTs Law. —The law embodies two 
distinct relations, a qualitative and a quantitative one. Qualitatively, 
it implies that if a body is capable of omitting certain radiations it 
aill absorb them when they full on it. Quantitatively, it signifies that 
the ratio is the same for all bodies. 

Various experimental proofs and observations may bo cited in 
support of the qualitative relation. If a piece of decorated china is 
heated in a furnace to about JUOOT and then taken out suddenly in 
a dark room, the decorations appear much brighter than the white 
china, because theso being better absorbers, emit also much greater 
light. If wo take a polished metnl ball and have a black spot on it 
by coating it with platinum black, then on heating the ball to about 
1 OUtrC and suddenly taking it uut in a daik room, it will be found 
that the black spot is shining rnuuh more brilliantly than the polished 
suriucc. Again take the case of a coloured glass. We know that 
green glass looks green because it absorbs red light strongly and 
reflects the giepn (red and green being complementary colours). 
Hence when a piece of green glass is heated in a furnace and then 
taken out, it is found to glow with a red light. Similarly a piece oi 
red glass is found to glow with green light. A more dccisivo example 
illustrating selective action is that of erbium oxide, dill} mi urn oxide, 
etc., which when heated emit certain bright bands in addition to the 
continuous spectrum. If now a solution of these oxides is made and 
continuous light is passed through it, the very same bauds appear in 
absorption. 

16. Application to Astrophysics. —Besides these applications 
Kirchhoff’s law was in a sense responsible for the birth of two rntirely 
new branches of science, via.. Astrophysics (phasic* of the sun and 
the stars) ami Spectroscopy. We shall recount here briefly lmw these 
developments grew out of Kirchhoff’s Jaw. Newton had shown in 
1080 that the sunlight can be decomposed by means of a prism into 
the seven colours nl the rainbow', blit Fraunhofer who repeated the 
experiment in 1001 with better instruments, found to his surprise, 
that the spectrum was not continuous, but crossed by dark lines. 
Their number is al present known to bo 20000, but Fraunhofer noticed 
about 500 of them, and denoted the more prominent bunds by the 

letters of the alphabet:—A, B, (3,. Such a solar absorption 

spectrum is shown in Fig. 9 (C) together with a continuous prismatic 
(V) and continuous grating spectrum (B). 

Fraunhofer never understood how these dark lilies originated, 
neither did any of his eon temporaries. But he realized their great 
importance, measured them and catalogued their wavelengths. lie 
examined the light from stars, and showed that their spectra were 
also crossed by dark lines just- as in the case of the sun. A typical 
stellar spectrum is shown in Fig. 9 (E). 

In the meantime, however, other sources of light were examined 
by the spectroscope and some knowledge was obtained of thoir spectra. 
It was found that a plowing solid gives a continuous spectrum, but 
a flame tinged with NaCl gives a pair of intense yellow lines on. a 
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CaUtqt btudtnti, JEl from Muller Pouillete, Lrhrburh der Physik f Vol V, 
part 2, and (F) from Hand buck dtr 4 itruphyaih \ ol IV 
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daik background It wa& found that it an electric discharge wan 
passed thiough a glasb tube containing gas at low probsuic, a largo 
uumbei oi emission lines were obtained on a dark background For 
Ind’ogm thes* an shown in Fig 9(D). 

But still the daik lines of Fiaunbofu lenuuned unexplained 
Some ph\bi(istb, notably Fireau, obsei\cd that if the spectiuni oi 
the sun is examined bidu by side with tho spectium hom a bndium 
dame, the yellow lines appear in the same place as the D-band of 
“ho Friuinholoi speitunn Similar 19 the case with the hydrogen 
spirti 11111 In Fig ‘1(0) and (I'M we sec the emission spectium ot 
hydruqm «-idi In side with the Fiaunhoici spectium It is clearly 
seen that some of the dtuk lines in the lattei occui m the same placo 
as tlie blight lines in the fornur 

The explanation gmn In luchhoff not onh completely solved 
the problem but was iai leaching and extremely liuitful in its coil* 
rqueiires lit supposerl that the ctnfi il bod\ of the sun consists 
)f 1 glowint lmiss ahieh emits a crmtniuoiis spirtuuri without black 
lints But Ibis light his to pass through a cuolu atmosphere sui- 
uunding the rtntial mass fn this amiosphrre nil tin elements like 
Na C u , etc jic piesent in the gnsi ous Inrm in addition to 

ordinary gibes like H^, 0 2 , etc 

We have si cn how tho euly workns studied the phenomenon 
oi radutiou with simpli appai at ub and hid armed at some very 
general Jaws >\eiy substance when hi ited units ladiatmn 1 ( , 
light Fv(i\ substance has 11 gain got tho powu ot atmoibmg light. 
Knchhoff armed at tho same law from theunudynamic reasoning 
<sre 1U) and ipplicd it to 1 \plain the dul lines Sodium cm emit 
the I) lines when it is excited , hence when white light hills on it, it 
ran absorb alsj tha same light, and allows other light to pass through 
t unmolested The gases in thi outer cooh 1 in mile toumi the sun 
therefore depnvo tho continuous tpcctmm finm the central mass, of 
the lim s they thenisehes can emit, and pm nsr to the black lines 
The J) hands thciefore prove that there is sodium in the sun's at- 
mosplieie Similarly, the other dark linrs testify tr> the presence of 
tliorr rrspertixe elements in tilt atmosphfie ol the sun 

The correctness of Kuchlioff s explnmtion is seen further fiom 
flash spectrum lesults We hare supposed that tlic atmosphere of 
the sun containb Na Now if we could obsem* the speetrum of the 
atmosphere apart from that of the cenlial glowing coie (the photo¬ 
sphere), the lines would appear bright W c cannot nrdinanlv do so 
because the solar atmospheie is so thin that we cannot cover up the 
disc properly, leaving the atmosphnr bare foi our observation , 
further the scattered Rky-light completeh obscures the spectrum of 
the part outside the disc But during a total solar eclipse, the solar 
disc is completely covered for n short time by the disc of the moon, 
and the skvlight is also reduced by the monn’e shadow To anyone 
observing the sun through a spectroscope the solar atmosphere will 
he laid bare at the time of totality and the dark lines will flash out 
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as bright lisps. This was found actually to be the case by Young of 
Princeton in 1872. Fig. 9 (F) bhows a flash spectrum of 1905 eclipse 
which is placed side by side with the Howland Atlas of Fraunhofer 
spectrum for the sake of comparison. The Lines of the flash spectrum 
are thus found to be due to the elements in the sun's atmosphere. 

But KirchliofF’s discovery is of much more far-reaching import¬ 
ance than the mere success in explaining the Fraunhofer bunds would 
indicate. It clearly asserted for tho first time, that every different 
type of atom „ when it is properly excited , emits light of definite 
wavelength which is characteristic of the atom. Just as a man ib 
known by his voice, or a musical instrument by the quality of it& 
note, so each atom can be recognised by the particular lines it emits. 
Thus wns born the subject ot Spectrum Analysis, which aims at 
identifying elements by their characteristic Hues, and forty new ele¬ 
ments were added with its aid to the list already known. The 
different atoms are regaided as so many different types of instruments, 
each capable of producing its own characteristic authorial music. 

APPLICATION OF THERMODYNAMICS TO RADIATION 

17. Temperature Radiation, —Since material substances at all 
temperatures are found to emit radiatinn, it becomes possible to 
apply the laws of thermodynamics to the problems of temperature* 
radiation. The expression “Temperature Radiation" should be 
clearly understood, for matter can bo made to emit radiant energy 
in many wavs other than bv heating, r.r/., by passing an electrical dis¬ 
charge through it when in a gaseous state, by phosphorescence, fluores¬ 
cence, or by chemical action as in flames. But Kirehhoff's law holds 
only for temperature radiation. For radiation produced by other 
methods the law cannot be appli“d. 

18. Exchange of Energy between Radiation and Matter in a 
Hollow Enclosure. —Let us suppose thnt there is an enclosure with 
its walls, which are impervious to external radiatinn, maintained at 
a constant temperature. Wo shall study yhnt takes place when we 
place substances having widely different physical properties wilhin 
this enolosure. 

In the first place the whole space is filled with radiation yliicb 
is being emitted by the wnlls. This radiation arises out of the heat 
energy of the walls, and should therefore he regarded as n part of 
thrs heat energy. If we now pin no a material body A inside the 
enclosure, it is easy to see thnt whatever the initial temperature of 
A might have been, it will ultimately acquire the same temperature 
as the walls.* This c-m bo proved bv the method of redvetio ad 
absurdum , for suppose that in the oqi ilihrium stale the temperature 
is different. Then a Carnot engine may bo used to transfer heat 
reversildv from the walls fo A until A had the same temperature as 
the walls. During the process a certain amount of heat will be 

•This may be easily seen for in the equilibrium state the entropy will be 
maximum and this can occur only when all temperature diffarenreB cease to exist. 



XX.] RADIATION IN A HOUjQW ENCIiOBUBB WJ 

converted to work. But again A would be reduced automafrii&Ify $o« 
different temperature, as according to our assumption, thus is tbi 
stable state of affairs. Hence again the difference cf temperature can 
be utilized for the conversion of heat to work. We thus see that if 
the body were to assume a temperature different from that of th$ 
walls, we have at our disposal a means of continuously converting 
the heat of a single body to work without maintaining a second body 
at a lower temperature. This is against the second law, and hence we 
conclude that all material bodies placed in tho enclosure would ulti* 
mately assume the temperature of the walls. 

Let us now suppose that a body of heterogeneous composition, 
is placed within the enclosure. Then the different parte of the body 
have different emissive and absorptive powers. The total energy 
absorbed by the body will be equal to the energy it emits, since its 
temperature remains constant in the equilibrium state. Now the 
energy emitted by the body remains always the s am e from Prevost*®: 
law, whatever be the position or the orientation of the body with 
respect to the enclosure. It follows therefore that the total energy, 
absorbed by the body remains the same even if its position or orien¬ 
tation with respect to the enclosure is changed. And as the different 
surfaces of the body have different coefficients of absorption, this can 
be the case only when the radiation travelling inside the enclosure 
in different directions is identical in quantity as well a b quality (i.e*, 
isotropic). 

We shall now prove that the radiation inside the hollow enclosure 
is independent of the nature or the geometrical shape of the walls 
of the enclosure or of any body placed inside it. Let us suppose that 
we have two enclosures A and B having walls of different shape and 
material and communicating with each other through a screen which 
allows radiation of wavelength lying between A and A+dA to past 
through it. Now tho walls of both A and B are maintained at the 
same temperature T. If in the steady state the intensity of radiation 
of the wavelength A be greater in A than in B, some radiation will 
pass through the screen from A to B and the density of radiation 
will increase in B and decrease in A. The screen is then closed. 
The excess radiation will be absorbed by the walls of B and raise itfj 
temperature to T' t while the temperature of the walls of A will fait 
Now a Carnot engine may be worked between these two temperature^ 
yielding a certain amount of work and lowering thereby the temper 
rature of B and increasing that of A till the two are brought to the 
same temperature. The process can be repeated and thus we ban get 
an indefinite amount of work while the entire system (AB) will go oh 
becoming colder. Thus in effect we are getting work indefinitely by 
using the heat of a single body. This is impossible by the second 
law of thermodynamics. Hence the intensity of radiation fbr 
wavelength must be the Bfime in the two enclosures, t\e., the quality 
and intensity of radiation depends only upon the temperature and on 
nothing etas 
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If we now plaoe a black body inside the enclosure, it will emit 
an energy of the same quality and intensity as it absorbs. Hence it 
follows that the radiation inside the enclosure iB identical in every 
respect with the radiation emitted by a black body at the same tem¬ 
perature as the walls of the enclosure. These conclusions were 
arrived at by Kirchhoff in 1858. 

19. Deduction of KirchofFs Law. —Suppose we have a uniformly 
heated enclosure containing somr substance whose emissive and 
absorptive powers fo** radiation of wavelength lying between A and 
A+dA are and a x respectively. We have already Bhown in the 
previous section that the amount of radiation dQ tailing on the sub¬ 
stance from the walls does not depend upon the nature or the Bhape 
of the walls. Of this a portion is absorbed by the substance 

while the remainder (1 — a^)dQ jh reflected or transmitted. Further 
the substance will emit radiation equal to dX by virtue of its tem¬ 
perature. Equating the energy absorbed to the energy emitted we 
have 

CjdX - a )dQ- • ($) 

In the case of a perfectly black body of emissivitv E x we have 
(since a x = 1 ), 

E x dX - dQ. ( 6 ) 

Combining (5) with (6) we get 


a * ^ 

x 

i.e., at any temperature the ratio of the emiBsivc power to the absorp¬ 
tive power of a substance is constant and equal to the emissive power 
°/ a perfectly black body. This is the thermodynamic proof of 
Kirchhoff’s Jaw, We linve proved the law here for bodies inside the 
enclosure. Now since the emissive and absorptive powers depend 011 I 3 
upon the physical nature of the body and not upon its surroundings, 
it follows that the law will hold for all bodies under all conditions lor 
pure temperuture radiations. 

/m. The Black Body .—The considerations put forward in sec. 18 
enable us to design a perfectly black body for experimental purposes. 
We have seen that i/ an enclosure be maintained at a constant tem¬ 
perature it becomes filled with radiation characteristic of a perfect!} 
black body. If we now make a small hole in the w r all and examine 
the radiation coming out of it, this diffuse radiation w’ill be identical 
with radiation from a perfectly black emissive surface. The smaller 
the hole,' the mure completely black the emitted radiation is. Thus 
a correction has to be applied for the lack of blackness due to the 
finite size of the hole. This is due to the fact that Borne of the 
radiation coming from the wall is able to escape out and the state of 
thermodynamic equilibrium as postulated in section 18 does not hold. 
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This is almost completely avoided in the particular type of block body 
due to Fery (Fig. 11, p. 296). So we see that the uniformly heated 
enclosure behaves as a black body as regards emission and if we moke 
a small hole in it, the radiation coming out of it w ill be very nearly 
blackbody radiation. 

Again such nn enclosure behaves as a perfectly black body" 
towards incident radiation also. For any ray passing into the hole 
will be reflected internally within the enclosure and will be unable to 
escape outsido. This may bo further improved by blackening the 
inside. Hence the enclosure is ft perfect absorber and behaves as a 
perfectly black body. 

Though Kirchhuff had pioved in 1858 that the radiation inside 
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Concentric Porcelain tubes 
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Rheostat 

Fig. 10.—Black body of Wien. 

a uniformly heated enclosure is perfectly black it was long afterwards 
in 1895 that Wien and Lummer utilised this conception to obtain a 
black body for experimental purposes. 

The black body of Wien consists of a hollow cylindrical metallic 
chamber C (Fig. 10) blackened 1 inside and made of brass or platinum, 
depending upon the temperature that it has to stand. The cylinder 
is heated by an electric current passing through thin platinum foil as 
indicated by thick clashes. The radiation then passes through a 
number of limiting diaphragms and emerges out of the hole 0. The 
cylinder is surrounded by concentric porcelain tubps. The temperature 
of tines black body is given by the thrrmo-elempnt T. This is the 
type of black body now commonly used. 

\S *Another t\pe due to Fery in shown in Fig 11 Note tho conical 
projection P Opposite the hole 0. This is to avoid direct radiation 



* Kirchhoff defines a black body as une "which has the property of allowing 
all incident rays to enter without reflection and not allowing them to leave again. 
See Planck, WarmestraKhmg. 

t The walls however need not be black. Blackening merely enables the 
equilibrium state to be reached quickly. 
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from the surface opposite the hole which would otherwise make the 
body not perfectly black. 

A striking property of such an enclosure is that if we place any 

Bubstunce inside it, the radiation 
emitted from it is also black and 
independent of the nature oi the body. 
Thus ad bodies inside the enclosure 
lose their distinctive properties. For a 
q mirror placed inside will reflect the 
W black radiation from the wall and 
hence the emitted radiation is black. 
Anv substance if it absoibs any radia¬ 
tion transmitted from behind must 
emit the same radiation in consc- 
Fig. 11.—Black body uf Fery. JvirellhofT 8 law and the 

total radiation leaving it must become 
identical with that from the walls, i.c., of a block body. 
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* 21. Sensitiveness of the Thermopile. —We shall now describe the 
instruments which are used lor the measurement of radiation. The 
differential air thermometer, which was employed by Leslie and the 
early workers, has already been described in see. 2, but is now only 
of historical interest. 

Among the modern instruments, the thermopile has been des¬ 
cribed in sec. 2. Special care however has to be taken in order to 
make it sensitive as w’b have sometimes to measure very small amounts 
of energy. In the design of thermopiles, the following considerations 
have to be borne in mind:—(1) metals used should give large thermo- 
E.M.F.; (2) junctions should be as thin as possible; (3) connecting 
wires should be thin ro as to minimise the loss of heat by conduction; 
(4) the junction should be coated with lampblack so that all the heat 
falling on it may be absorbed; (5) it should be mounted in vacuum, 
bo that there is no loss of heat by convection, and the deflections 
remain steady; a rocksalt window is provided to let in the incident 
radiation. 

The sensitiveness also dppends upon the number of thermo¬ 
junctions but this cannot be increased indefinitely as the external 
resistance will increase. The best procedure is to have the piles as 
light as possible and to choose a number so that the total resistance 
of the thermopile is equal to the galvanometer resistance. 

The galvanometer to which the thermopile is connected should 
be of low resistance type with high voltage sensitiveness. For ordinary 
work the suspended coil type galvanometers are generally employed 
but are not sufficiently sensitive on account of their high resistance. 
For accurate work the suspended magnet (aRtatic) tvpe of galvano¬ 
meters are generally employed, namely, the Broca, the Pnsohen and 
the Thomson galvanometers. These arc however very much susoep- 
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tible to external magnetic disturbances and can be successfully used 
•only by skilled workers. 

The Linear Thermopile —The extreme sensitiveness of the galvano¬ 
meters mentioned above enables us to work with only a few pairs of 
thermo-elements. The hot junctions are all arranged in a vertical 
line. The wires are very fine and are wound 
-on a small frame. This h called the linear 
thermopile and is used for investigating the 
lines of the infra-red spectrum. 

22. Crookes’ Radiometer— This consists 
of a number of thin vertical vanes of mica sus¬ 
pended at the ends of a light aluminium rod r 
inside an evacuated glass vessel (Fig. 12). Two 
such rods fixed at right angles are shown in 
the figure. They are suspended in such n way 
that they ran rotate about the vertical axis a. 

The outer face of the vanes is coated with 
lampblack, vhile the inner faces are left clear. 

When radiation (thermal or light) fa^s on the 
blackened face the vanes begin to revolve in 
such a direction that the blackened face conti¬ 
nually recedes away from the source of radia- 
tion. 

The cause of this motion is easily under¬ 
stood. The blackened face absoibs the incident 
radiation and thereby its temperature is raised, 
while the clear face remains at a lower tempe¬ 
rature. The molecules bombarding the black¬ 
ened face therefore become more heated than 
the molecules bombarding the other side 
of the vane and consequently they exert greater pressure on the 
vanes. The result is that there is a net effective force repelling the 
vanes from the incident radiation. This is known as the radiometer 
effect and is essentially due to the presence of moleoules. It is 
obvious that the velocity of revolution will be a measure of the 
intensity of radiation. 

By suspending the vanes by mennB of a quartz fibre as in 
galvanometers we oan measure the intensity of radiation if we observe 
the steady deflection produced. Such a radiometer has been employed 
by some investigators for measuring the intensity of radiation. 

23. The Bolometer. —The bolometer is now rather rarely used, 
being superseded by modem types of thermopile. It was invented 
by Langley and depends for its action on the change of resistance 
of platinum strips or wires when heated. 

The sensitiveness of the bolometer depends (1) on the sensitive¬ 
ness of the galvanometer; (2) on the thinness of the strips, because 
file thinner Idle strips the larger will be the rise in temperature and 
Ihe increase in resistance for a given amount of in cident radi at ion. 
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Two types of bolometers have been used in radiation measure¬ 
ments: (1) the surface bolometer for total radiation measurements,. 



Figs. 13 and 14.—The Surface Bolometer. 


(2) linear bolometer for measurement of distribution of energy in the 
spectrum of a black body. 

The surface bolometer consists of exceedingly thin strips of 
platinum, 1 to 2x10^ mm. thick, joined together in series. The 

method of constructing such a thin 
conductor is as follows:—A sheet 
of platinum is welded to a thick 
sheet of silver and the composite 
sheet is rolled. The Bheet is then 
punched out as shown in Fig. 18, 
and attached to a hollow foamt 
of slate. The silver is then dis¬ 
solved off in nitric acid, the end 
joints being protected by a coat¬ 
ing of varnish- The strips are 
then coated with platinum black. 
Fig. 14, shows a front view of 
such a grid. A grid so construct¬ 
ed has a resistance of about 60 
ohms. 

For experimental purposes 
four such grids, similar in all 
respects to each other are connected in the form of a Wheatstone 
bridge. The method of connecting the grid is shown in Fig. 15. The 
grids 1 and 3 are in opposite arms of the Wheatstone bridge and are 
so arranged that the strips in 3 receive the radiation passing between 
the strips in 1 and so the effect is doubled. 2 and 4 ore similarly 
arranged but are protected from radiation. The whole is enclosed in 
a box. In the absence of incident radiation the galvanometer shows 
no deflection. When radiation is incident on gridB 1 and 8 deflection 
is produced. 

In the linear bolometer a single narrow and thin strip of platinum 
is used. 



Fig. 15.—Connections of tho Bolomctei. 
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24. The Radioialciomeier. —This was invented by Boys and is 
essentially a thermocouple without an external galvanometer. A 
single loop c of fine copper or silver wire is suspended (Fig. 16) 
between the poles of a strong permanent magnet NS as in a suspended 
coil galvanometer. To the lower ends of the copper wire two thin 
bars of antimony 5b and bismuth Bi 
are attached, and the lower ends of 
these are again attached to a thin disc 
d or narrow strip of blackened copper. 

To the upper end of the copper loop 
is attached a thin glass rod g carrying 
a light galvanometer mirror m for 
measuring deflection, the glass rod it¬ 
self being attached to a fine quartz 
suspension q. The whole system is ex¬ 
tremely light. Badiation, falling hori¬ 
zontally on the copper disc, heats the 
junction of antimony and bismuth and 
an electric current flows through the 
copper coil causing a deflection which 
depends upon the intensity of the 
energy received by the copper disc. To 
prevent disturbance due to diamagnet¬ 
ism of bismuth, the rods of the thermo¬ 
couple are surrounded by a mftHS of 
soft iron. The whole .suspended svs 
tern is enclosed in brass (shown shaded 
in the diagram). 

25. Pressure of Radiation.— As 

radiation lias been shown to be identi jf lg u.*— Boys* Radio 

cal with light, it possesses all the micrometer, 

properties which are ascribed to light 

One of the properties of light most important for our present purpose 
is thai it exerts a small but finite pressure on surfaces on which it is 
incident. This lmd been suspected by philosophers for a long time 
since the days of Kepler, who observed that as the comets approach 
the sun, the tail of the comet continuously veers round, so as to be 
always opposite the sun (Fig. 17, p. 300). This he tried to explain 
on tiie assumption that light exerts pressure on all material bodies 
on which it is incident, but the pressure increases in importance only 
when the size of the particle is reduced. The rays of the sun heat 
cometarv matter, either dust particles or atoms, which are then 
repelled by light-pressure and thus form the tail. Though painstaking 
experimental investigations failed to show the existence of pressure 
of light, Maxwell propounded in 1870 his Electromagnetic Theoiy of 
Light, and showed that even on this theory Light should exert a 
pressure but this is very small, being equal to the intensity divided 

* Reproduced from "The Theoiy of Beat" by Preston by the kind permission, 
of Messrs. Macmillan ft Co. 
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by the velocity of light or to the energy-density. Calculation shows 
that the pressure due to sunlight is equal to 4'5 x 10^ dynes per cm*. 



Fig. 17.—Tail of tho comet. 

Bartoli also Bhowed from thermodynamic considerations that 
radiation should exert some finite pressure. The pressure of radiation 
is however so small that for a long time it baffled all attempts to 
measure it. The difficulties were overoomp only in 1900 when 
Lebedew, and a little later, Nichols and Hull demonstrated experi¬ 
mentally its existence and were able to measure it. They confirmed 
the theoretical conclusion that pressure is equal to the energy densily 
of radiation. 

When the radiation is diffuse, it can be shown that pressure is 
equal to one-third the energy density of radiation. 

The fact that radiation exerts a finite pressure, however am oil 
it may be, is of great importance in the theory of black-body radiation. 
It shows that black radiation ib just like a gas, for it exerts pressure 
and possesses energy. In fact we can regard the black radiation 
as a thermodynamic system and calculate its energy and entropy, 
and apply the thermodynamic laws and formulae. We shall make use 
of these ideas in the next section. 

26. Total Radiation from a Black Body.—The Stefan-Boltzmaim 

Law .—As already mentioned in sec. 7, J. Stefan, in 1879, deduced 
empirically from the experimental data of Dulong and Petit that the 
total radiation from any heated body iB proportioned to the fourth 
power of its absolute temperature. In 1884 Boltzmann gave a theore¬ 
tical proof of the law based on thermodynamical considerations. He 
showed that the law applies strictly to emission from a black body. 
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The law is therefore generally known as the Stefan-Boltzmsnn law, 
and may be formally enunciated as follows:— If a black body at 
absolute temperature T be surrounded by another black body at 
absolute temperature T 0 the amount of energy E lost per second per 
square centimetre of the former ts 

E= a (T*-TS). ( 8 ) 

where a is called the Stefan's constant. 

For proving this law, we consider radiation in a black-body 
chamber and apply the thermodynanncul laws to the radiation as 
mentioned in the previous section. Let u denote the energy density of 
radiation inside the enclosure, V its volume and p the pressi re of 
radiation. Then both u and p are simply functions of the absolute 
temperature T. We have further the total energy U of radiation 
equal to uV - Applying* equation (01) p. 263 we get • 



since the radiation is diffuse (see. 25). Hence equation (9) reduces to 


__ T d't _ a 
“ “ 3 Si’ ~ 3 ’ 



or u = oT\ . . (11) 

where a is a constant, independent of the properties of the body. 
Hence the total energy lost on one side by emission will also be pro¬ 
portional to the fourth power of the absolute temperature. This is 
the Rtefan-Boltrmann law. 

27, Experimental Verification of Stefan’s Law. —The law was 

subjected to experimental test bv various investigators. Lummer and 
Pringsheim investigated the emission from a black bodv over the 
range of temperatures 100“C to 120O°C and found the law to hold 
true within experimental errors. We give below a brief account of 
their apparatus and arrangement. 

A is a hollow vessel containing boiling water (Fig. 18, p. 302) 
which acts as a standard source of radiation for calibrating the 
bolometer from time to time. The black bodv C employed for the 
range of temperatures 200*0 to 600 D C consisted of a ho T low copper 
sphere blackened inside with platinum-black, and placed in a batb 

* Boltzmann deduced the law by imagining the radial ion to perform a Carnot 
cycle. He utilized the roneentiniH of Bartol\ This is however nnnecewry here 
for we h*ve shown black radiation to he aralnrona to a m and run therefore 
proceed directly to apply the general thermodynamical laws to radiation. 
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of a mixture of sodium and potassium nitrates which melts at 219° C. 
This salt bath could be maintained at any desired temperature. The 
temperature could be measured with a thermo-element T. 



Fiji, 18.— Lummcr and PrinfisJ] elm’s apparatus fnr verifying Stefan's law 

and 1300 D C the black both 
an iron cylinder coated inside 
with platinum-black .md en¬ 
closed in a double-walled gas 
furnace. The tompmilure 
inside the iron cylinder ^as 
obtained by a thei mo-ele¬ 
ment enclosed in a porcelain 
tube passing through the 
furnace. 

The measuring instru¬ 
ment shown at II was the 
surface bolometer of Lummcr 
and Kurlbaum. A description 
of this as well as the method of connecting it lias been already given 
in sec. 28. Besides there are a number of water-cooled shutters so 
that the radiation can be stopped or allowed to fall at will. 

Ihe procedure adopted was as follows:—The bath was heated 
up to the desired temperature and maintained steady, and then the 
shutter was raised to allow radiation from C lo fall on the bolometer, 
and the maximum deflection registered by the galvanometer noted. 
The bolometer was kept at different distances from the black bod) 
and the inverse square law verified. Next observations were taken 
with the black body at different temperatures. The observations were 
all reduced to a common arbitrary unit depending on the radiation 
from the black body A at 100°C, and kept at a distance of 833 mm, 
Tf d represents the deflection of the galvanometer needle, T the 
absolute temperature of the black body, 290° the temperature of the 


For temperatures betv oen 900° O 
■shown in Fig. 19 was employed. D is 



Fig. 19.—Black body for 900° to 1300 9 C. 
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abutter protecting the bolometer, then 

d = a(T*-29l>), . . . (12) 

from Stefan’b law. The coefficient a was found lo be constant. 
Htnce tho truth of Stefan's law is established 


DISTRIBUTION OF ENERGY IN THE SPECTRUM 
OF A BLACK BODY 


28. Laws of Distribution of Energy in Bladtbody Spectrum.— 

Erom a study ol the colour assumed by bodies when tlieir temperature 
is giaduallj raised (see p. 2B0) it will be obvious that as the tem¬ 
perature ot a body is laised, the colour emitted by it becomes richer 
in waves of shorter wavelength. In fact the wavelength for which 
the intensity of emission is maximum shifts towards the shorter 
wavelength side as the temperature is raised. These results were 
also arrived at by Wien in 1893 from thermodynamic considerations 
of black radiation inside a hollow reflecting chamber. lie showed 
lhat %\dX the amount oi energy contained in the spectral region 
included within the wave lengths X and X\-dl emitted by a black body 
at temperature T is of the form 


F^d). *J(XT)<U, . . . (13) 

<md further if X n denote* the wavelength corresponding to the 
maximum emission of energy and E m the maximum energy emitted, 


and 


XmT- b, (14) 

E w T- - B, . (15) 


where B and b arc constants In other words, if the temperature of 
radiation is altered, the wavelength of maximum emission is altered 
in an inverse ratio. Fjquation (13) is known as TEicr?’# Displacement 
laic 


A further step forward in de\ eloping the theory was taken by 
Planck w r ho showed from very novel considerations (which developed 
into the modem quantum theory) that the energy density of radiation 
inside the enclosure is given h\ 





dX, 


- ( 10 ) 


where C x = 8 nhc/x* and c s ■= r/i/7. - 4*% b approximately. This is 
known as Planck's law. We shall now consider how tho spectra can 
lie obtained experimentally and the foregoing results verified. 

29. Experimental Study of the Black-body Spectrum. The first 
systematic study of the infra-red spectrum waR undertaken by Langley 
who illuminated the slit of a spectrometer by means of sunlight and 
produced the spectrum by a prism of rocksalt. The rays were focussed 
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by a lens on a bolometer which woe arranged in a Wheatstone bridge 
adjusted for no deflection 

The spectrum can also 
be produced by a Rowland 
grating but on account of 
the considerable overlapp¬ 
ing of Bpeotra of different 
uiio i ib pusnib have been 
generally employed. Lenses 
o± quartz or flum ite are 
genemlly used. It is how¬ 
ever better to uBe a con¬ 
cave mirror for focussing 
the radiation. 

Winn’s displacement 
law was subierted to a 
series of experimental tests 
hy Paschoii, Lummer and 
IVingsheim, Rubens and 
Kutlbaum. We give below a 
slioi t desmption ot the ex¬ 
periment ami insults of 
Lummer and Piingsheim 
(1B99). They used radiation 
from an electrically heated 
cm bon tube and produced 
the spectrum by refraction 
through a fluorspar prism. 
The distribution of energy 
wos measured by means of 
a linear bolometer which was 
enclosed in an air-tight ease 
to diminish the absorption 
due to water vapour and 
caibon dioxide. Corrections 
weie applied to convert the 
prismatic spectrum into a 
normal on« bv means of the 
known dispersion curve of 
fluorspar. The distribution 
of energy in the spectrum ft various temperatures between 621 °K 
and 1(W6°K whs obtained and curves plotted (Fiq. 20b The 
ordinates represent emissive powers and the abscissae wavelengths. 
The full lines denote the curves obtained experimentally wdiile the 
dotted lines represent the cunes calculated fiom a somi-pmpHeal law 
given by Wien. The total radiation at a temperature is represented 
by the area enclosed between the curve and the o*-axis and vares as T 4 . 
The small patches of shaded area represent the absorption bands of 
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carbon dioxide and water vapour. The absorption of fluorspar begins 
at 6/« where the curves are seen to end abruptly. The wavelength 
of maximum emission shifts towards the origin as the temperature 
rises. From these curves the values of E m and X m could be read. 
The experiments! data are given in Table I. 


Table 1.—Experimental Verification of JVicn*8 
Displacement Law. 


Temp. °K 

A m in /i’s 

E m 

in 

micron 

degrees 

E m T-’x> 

10” 

1846 

178 

2700 

2928 

2246 

14604 

204 

■ 1450 

2979 

2184 

12590 

235 

68'H 

2959 1 

! 2176 

1094-5 , 

271 

34*0 

2966 1 

2164 

9985 I 

2*90 

2 IT) 

2956 1 

2166 

9085 

328 

1330 

2980 1 

2208 

7230 | 

408 

4 28 

2950 | 


621’2 | 

1 

453 

2020 

2814 i 

2190 


Mean = 2940 2188 


The table shows clearly the validity of equations (14) and (15). 
Knowing the value of b or B thpse laws enable us to determine the 
temperature of any substance (assumed to be a black body) if Am 
or E m be found out. The value of b is seen to be ‘294 cm x degree 
and of J? to be 2188 x 10 -14 ergs x degree. 

This furnishes us with a simple method of determining the tem¬ 
perature of the heavenly bodies. Thus for the moon A,* = 14 p. and 
hence 


T = 


■294 

14x10-* 


: 200®K. 


Similarly we can calculate the temperature of the sun (sec. 42). 


PYROMETRY 

30. Gas Pyrometers. —Jn Chapter 1 we have already described 
the constant volume hydrogen thermometer having a platinum- 
iridium bulb. For temperature above 500 B C hydrogen cannot be used 
as the thermometric gas because the platinum bulb is permeable to 
it, hence nitrogen is invariably employed. As regards the material 
of the bulb Jena glass can be used to about 500°C while quartz glass 
can stand up to about 1800 D C but is attacked by traces of alkali from 
hand etc. Ordinary porcelain is porous and permeable to the thermo¬ 
metric gas but glazed porcelain was formerly employed up to about 
100 a C above which however the glazing softens and breaks; alBo its 
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expansion is not regular. Platinum alloys are now invariably used. 
An alJoy of platinum and iridium was employed by Holbom and 
Valentiner up^ to 10OO D O. Iridium however distils and also makes 
the bulb brittle, llolborn and Day found the alloy of B0Pt-20Rh best 
for tho purpose and used a modified form of bulb of this material to 
about lb(X)°U. They performed experiments with great care and took 
into account 25 possible sources of error so that their values are 
regarded as standard at high temperatures. The correction however 
becomes enormous at these high temperatures and hence there is 
considerable uncertainty in determining the high temperature fixed 
points with a gas thermometer, 

31« Resistance Pyrometer. —The platinum resistance pyrometer 
has been described in Chapter 1. It can be used to about 1200*C 
though the melting point of platinum is 1770°. If used above; 1000°, 
however, the platinum undergoes some change and does not return 
to its initial zero and has to be restandardised. The mica insulation 
also sometimes breaks duo to moisture getting inside. 

32. Thermo-electric Pyrometers. —The thermo-electric pyrometers 
have been completely described in Chapter 1. It is shown there that 
for temperatures up to 600°C the base couples Cu-constantan, nickel- 
silver are the most sensitive. The Pt, 90Pt-10Bh couple is however 
best for all high temperature work and can be used to about 1750°. 
It is free from parasitic disturbances and changes in composition, and 
is the most sensitive pyrometer in the range 1000° to 1600°. In the 
lower range however it can be replaced by Ni, 90Ni-10Cr couple up 
to 1300°C when the latter is much more sensitive. A couple of Ir, 
90Ir-10Ru can be used to about 2100°C while thermocouples of tung¬ 
sten and an alloy of tungsten with molybdenum have been used up 
‘n 300Q°C. 


RADIATION PYROMETER 

33. Temperature from Radiation Measurements. —In the fore¬ 
going pages we ha\e seen that the radiation emitted by a black body 
depends upou its temperature and upon nothing else. Hence if we 
measure the radiation emitted by the body with the help of some 
instrument wc can find its temperature. We may eithpr measure the 
total radiation emitted by the body and deduce the temperature by 
making us“ of Stefan's law (equation 8). These are called 'Total 
Radiation Pyrometers.' ^ Or we may measure the energy E^dX 
emitted in a particular portion of the spectrum and make use of 
Planck's law (equation 16) of distribution of energy in the spectrum. 
These are called Spectral or Optical pyrometers. 

Radiation pyrometers possess the great advantage that they can 
be employed to measure any temperature, however high that may 
'be or wherever the object may be. The pvrometer itself has not to 
be raised to thrit temperature nor need it be placed in contact. Trith 
the hot body. Further there is no extrapolation difficulty as the 
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radiation formulas have been found to hold rigorously for all tempera¬ 
tures. But tue radiation pyrometer suffers from a serious drawback. 
It can measure accurately the temperature of black bodies only. 

It is, however, generally employed to measure the temperature 
of any hut source. In that case it gives that temperature at which 
a perfectly black body would have the same intensity of emission 
(total or spectral) as the body whose temperature is being measured. 
This temperature is called the blackbody temperature of the 
substance and is consequently lower in all cases than its actual 
temperature. The greater the departure from perfect blackness the 
greater is the error involved. The lower practical limit for radiation 
pyrometers is about 600° C, for then the emission from substances 
becomes too small to be measured accurately. Still, however, with 
certain devices it can be used to measure much lower temperatures 
us that of the moon. 


To MilBvolimeief 

JS ft 


34. Total Radiation Pyrometers. —Fery was the first to devise a 
radiation pyrometer based on Stefan's law. These pyrometers are 
merely thermopiles 'So arranged that the readings are independent of 
ilie distance between the hot body and the pyromoter. We shall 
describe Fery mirror pyrometer which is typical of this class. Fig. 21 
shows a modem type of 
instrument. Badiation 
incident from the right 
side falls on the concave 
mirror M which cun be 
moved backw ards and 
forwards for the purpose 
of focussing the radia¬ 
tion on the receiver S to 
which the hot junction 
of the thermocouple is 
attachod. The cold 
junction of the thermo¬ 
couple is protected from 
radiation by the tongue 
T and is further surrounded 
thermocouple receiver, and 


u 

TIT 

1 \ 



Fig. 21.—Fery radial ion pyrometer. 


by the box B which also contains the 
r small opening just in front of S. The 
electromotive force developed is read on a millivoltmeter connected as 
indicated in Fig. 21. The instrument possesses no lag, the steady 
state being reached in about a minute. To enable the observer to 
focus the radiation accurately on the thermocouple, Fery employed 
two semi-circular mirrors, inclined to each other at an angle of about 
5° and placed immediately in front of S, an opening of about 1‘5 mm. 
being left at the centre of the mirror to allow the incident radiation 
to pass. Now if the image of a straight line formed by the concave 
mirror does not lie in the plane of the inclined mirrors they will form 
two images separated by a distance (see Fig. 22) and the line will 
appear broken when seen through the eyepiece. The concave mirror 
is moved till this relative displacement of the two halves of the image 
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disappears, and then the apparatus beoomes adjusted. It will be 
easily seen that so long as the heat image formed by the concave 
mirror is larger than the hole, the thermocouple measures the intensity 
of the heat image and not the total radiation. For if the distance 



Fig. 22.—The focussing device. 

of the object is doubled, the amount of radiation falling on the mirror 
is reduced to one-fourth, but as the area of the image is also simul¬ 
taneously reduced to one-fourth the intensity is unaltered. Thus the 
indications of the instrument are independent of the distance. Hencp 
in actual use it is essential that the object, whose temperature is to be 
measured, should be sufficiently large and should be placed at not 
very great distance in order that its image is always bigger than the 
aperture in the box which in ordinary instruments is about 1'5 mm. 
in diameter. 

The E. M. F. of the couple in these cases is given by the relation 
V = a(T*-T 0 *>), .... (17) 

where T is the temperature of the black body to be measured, T # the 
temperature of the receiver S and b a constant which varies from 8’B 
to 4'2 depending upon the instrument. Generally T D can be neglected 
in comparison with T. This departure from the index value of 4 is 
due to various causes. It is for this reason that the pyrometer has 
to bB calibrated by actual comparison with a standard thermometer 
using radiation from a blackbody chamber or heated Btrip. 

35. Optical pyrometers. — In these, the intensity of radiation from 
a black body in a small width of the spectrum lying between A and 
A +dA iB compared with the intensity of emission of the same colour 
from a standard lamp. The formula* required for this case can be 
easily worked out by assuming Planck's law. There are two types of 
optical pyrometers:—(1) the Disappearing Filament tvpe, (21 the 
Polarising type. We now proceed to describe those instruments. 

36 . The Disappearing Filament Type. —This type of pyrometer 
was first introduced by Morse in America. It was later improved by 
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Holbom and Kurlbaum, and by Mendenhall and Forsythe. A pyro* 
meter of this type is shown Fig. 38 and is essentially a telescope 
having a lamp at the position usually occupied by the cross-wirea* 
C is a metal tube containing the filament of a lamp L which is heated 
by the battery B and the current can be adjusted to any amount by 
varying the rheostat B. 

Radiation from the source 
whose temperature is re¬ 
quired is focussed by the lens 
D on the lamp L where a 
heat image is formed. The 
lamp is viewed through the 
eyepiece E in front of which 
is placed a red filter glass. 

Besides there are a number 
of limiting diaphragms. In 
making an experiment the 
observer looks through E Fig. 23 —Disappearing Filament Pyrometer, 
and varies the current in the 

lamp till the filament becomes invisible against the image of the 
source. If the current is too strong the filament stands out brightly 
while if the current is too weak, the filament looks black. The filter 
glasB enables this matching to be done for approximately monochro¬ 
matic radiation. The instrument is calibrated by direct comparison 
with a standard thermocouple and then extrapolated by the use of 
rotating sectors. Thus from the strength of the current required to 
match the radiation the temperature of the incident radiation can be 
deduced. Sometimes the ammeter is directly calibrated in degrees. 

37. Polarising Type. —In 1901 Wanner constructed another pyro¬ 
meter in vihich the comparison was made by the aid of a polarising 



Fig. 24.—The Wanner Pyrometer. 

device. Here the ray of a particular colour obtained from the source 
is compared with a ray of the same colour obtained from a standard 
electric lamp. A diagram illustrating the essential parts of the ins¬ 
trument is given in Fig. 24. a, b are two circular holes arranged 
symmetrically about the optical axis of the system. Radiation from 
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the hot source enters the system through a, while the comparison 
beam is supplied by the electric lamp G which illuminates the right- 
angled prism P and the latter directs the light on to b. Both beams 
are rendered parallel by means of an achromatic lens L lv which is 
placed at a distance from the slit equal to its focal length. The 
parallel beams are dispersed by the direct vision spectroscope S and 
then pass through the polarising Bochon prism B which separates 
each beam into two beams polarised in orthogonal planes. B is a 
biprism placed in contact with a second achromatic lens L s which 
focusses the two br>ams on the slit D z . The biprism produces in thB 
two beams deviations of such amount that one imago from each source 
is brought into juxtaposition. Since the holes a, b are at the focus 
of the lens the imagps produced by the second lens are also circular 
but tho biprism splits them into semicircles. Six out of the eight 
images are stopped out while the remaining two are observed through 
the nicol N. 

If the two beams are of equal intensity a uniformly illuminated 
disc with a diametrical line is observed if the plane of polarisation of 
the nicol prism makes an angle of 45° with the plaue of polarisation 
of each component. Botating the nicol in either direction diminishes 
the brightness of one image and augments that of the other. If the 
two beams are of unpqual intensity matching is affected by rotating 
the nicol prism in either direction. A graduated circle is attached 
to the analyser to observe the angle of rotation. 

Let the angle at which radiation from any source matches the 
lamp be Then it can be shown that 

Zn tan 0 =a+... . (10) 

where T is the absolute temperature and a, b are constants. If we 
determine two values of ip corresponding to two values of T, we get 
B straight line from which the temperature for any value of ip can be 
read. In practice, the pyrometer is calibrated by a direct comparison 
with a standard thermometer, and the disc is directly graduated in 
degrees. 

EADIATION FEOM THE SUN 

38. The Solar Constant. —The sun emits radiant energy contin¬ 
uously in space of which an insignificant part reaches the earth. But 
even of this incoming radiation, a considerable portion is lost by 
reflection and scattering by the terrestrial atmosphere and is sent back 
to the interstellar space. The best reflecting constituents of the 
atmosphere are water, snow and cloud. The scattering is partly due 
to the dust particles and partly due to the air molecules and is gener¬ 
ally small. Further the radiation is heavily absorbed by the earth*B 
atmosphere, the total absorption varying from 20 to 40% depending 
upon the time of the day and the season of the year, and the different 
parts of the spectrum are absorbed to a different degree. We 
naturally seek for a more constant quantity which is furnished by 
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the rate at which solar radiations are received by one sg. cm. of 
black surface held at right angles to the sun's rays and placed qt 
the mean distance of the earth provided thero were no absorption in 
the atmosphere or provided the atmosphere were not present. This 
is called the solar constant and is generally expressed in calories per 
minute. We shall now give a method of determining the solar 
constant. 

39* Determination of Solar Constant.—The Absolute Pyrhello- 
meter. —Among the early workers who attempted to measure the solar 
coustuni were Pouillet, Langley and Wilson. The instruments w T ith 
which the solar radiations are measured arc called pyrheliometers. 
We shall describe the water a*ir iryrhclio meter employed in the Astro- 



physical Observatory of the Smithsonian Institution, Washington, 
U.S.A. Fig. 25 gives a cross-sectional view of the apparatus. AA is 
the black-body chamber for the reception of solar radiation, which is 
further protected from air currents by a vestibule, not shown. This 
is simply a hollow cylinder placed in front of AA. The chamber is 
blackened inside and has its rear end of conical shape, and is 
surrounded by water contained in the calorimeter DD which is stirred 
vigorously by means of a stirring arrangement 13B run by on electric 
motor from outside. C is a diaphragm of known aperture for admitt¬ 
ing the solar radiation. The incident ladiation is completely absorbed 
by the chamber producing arise in temperature of the water contained 
in the calorimeter. This rise is measured by the platinum resistance 
thermometer F whose wire is carefully wound upon an insulating 
frame round AA. At E is inserted a mercury thermometer. The 
calorimeter DD is carefully insulated from thermal effects occurring 
outside. 
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For calibrating the instrument, a known amount of electrical 
energy is supplied to the manganin resistance wire G and the rise in 
temperature noted. Thus the heat obtained by solar radiation can be 
compared with the heat generated electrically. 

Another type of pyrheliometer is called the water-flow pyrhelio- 
metcr . In these a steady stream of water flows past the absorption 
chamber and the temperature difference between the incoming and 
outgoing water is observed. 

The above instruments are called absolute pyrheliometers since 
they measure the energy directly. For most purposes it is more con¬ 
venient to employ secondary pyrheliometers in which radiation is 
absorbed by a blackened silver disc. They are previously calibrated 
by comparison with an absolute pyrheliometer. 

With the help of these instruments we are able to measure the 
radiation received per minute at the earth’s surface and from this 
we must calculate the solar constant. The radiation received varies 
with the time of the day, depending upon the zenith distance of the 
sun. If we assume the absorption to be due to an atmosphere of 
homogeneous composition, then applying Biot's law, we have 

c-M, .... (19) 

where d is the thickness of the medium traversed, J 0 , I the intensity 
of the beam just at the beginning and the end of the medium. This 
holds strictly for a monochromatic ray and a homogeneous medium. 
In the atmosphere there is no homogeneity in dust content or in 
density in a vertical direction. In the actual experiment the intensity 
of solar radiation as received on the earth is observed for different 
elevations of the sun on the same day with constant sky conditions. 
Then d varies as sec z where z ia the sun’s zenith distance. Further 
assuming as a lirst approximation” that k t is the same for all wave¬ 
lengths we can write 

S =- *S 0 .(20) 

where & Q , 8 represent the true and the observed solar constant res¬ 
pectively, and a is called the trajiemission coefficient and varies from 
,0'5/) to 0'85. Then taking logarithms 

log 8 = log 8 a f sec* z log a. . . (21) 

Plotting the values of log 8 as ordinates and the corresponding values 
of sec z as abscissas we obtain a straight line whose intercept on the 
ordinate axis gives log S ol whence 8 0 is found. 

Accurate experiments give the mean value of the constant to be 
1*987 calories per minute per sq. cm. The constant is found to 
fluctuate with the eleven-year cycle of the sun. 

* For accurate work k x or a is not assumed constant. Extrapolation is done 
for each wavelength separately and from this extrapolated curve the value of 
is found. 



**-J TEMPERATURE OF THE SUN it8 

40- Tenperatnt of the Son* —The sun consists of a central hot 
core terminating in a surface called the photosphere. By the expres¬ 
sion 'temperature of the sun’ we generally mean the temperature of 
the photosphere. The temperature inside the central core is, however, 
much greater than thiB. We shall now describe some simple methods 
for determining the temperature of the photosphere of the sun, based 
on measurement of radiation. 

41. Temperature from Total Radiation# —According to careful 
observations by Abbot and others the solar constant is 1'937 cal. per 
minute per cm 2 . We can now find out what would be the tempera¬ 
ture of a black surface free from any atmosphere and having dimen¬ 
sions and position of the sun which wouid emit the same total radia¬ 
tion at the distance of the earth. This naturally gives ub the minimum 
value for the temperature of the photosphere. 

Let the radius of the sun be r, then the amount of heat lost by 
the sun per second is 

H = 4nr 2 oT\ 

where T is the blackbody temperature of the sun. If we now describe 
a sphere of radius R concentric uiih the sun ( R being the distance of 
the earth), then the energy will be spread over the surface 4 jtR 2 , and 
hence the amount received per unit surface of the earth is 



Now t/R, the mean angular radius uf ihe sun = 959" = 4’649 x 10“* 
radians; a— 5'77xl0* 5 ergs src. -1 cm."'’ degree* 4 ; 8 = 1’937 oal. 
cm. -2 min.” 1 . Hence we obtain after substituting these values in 
(22) that T - 5732°K. 

42. Temperature from Wavelength of Maximum Emission#— 

Wien's displacement law A m T = 02884 cm. x degree (equation 14) 
may also bo employed to determine the temperature of the sun. 
Abbot’s investigations show that = 4753 A. U., whence 

T — 6059°K. This temperature is about 300° higher than the tem¬ 
perature deduced from total radiation. This divergence is easily 
understood if we remember the fact that contrary to the assumption 
made here, the sun does not actually radiate like a black body. 

43. Temperature of Stars. —The stars are so many suns, only 
they are at enormous distances compared to the sun. The determina¬ 
tion of their temperature is subject to the same uncertainties as in the 
case of the sun, and the methods followed are almost identical except 
that here the total radiation method fails as it is often not possible to 
determine the diameter of stars. The temperatures are deduced from 
the distribution of intensity in their emission spectra by the applica¬ 
tion of equation (14), but the actual methods are far more complicated. 
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The temperature of stars measured in this and other ways varies 
from 2500°C (red stars) to nearly 30,000 D C (for bluish white stars). 

Books Recommended. 

1. Glazebrook, A Dictionary of Applied Physics , Vol. 4, Article 
by Coblentz. 

2. Planck, Warmest rahluny or English translation by Masius, 

3. E. Griffiths, Methods of Measuring Temperature. t 

4. Burgess, and Le Chatelier, The Measurement of High Tim- 
perature. 

5. Abbot, The Sun. 
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THERMODYNAMICS OF THE ATMOSPHERE 


L In the present chapter we shall consider the application of the 
principles already developed in this book to the earth’s atmosphere. 
Before doing so, however, we shall first state some of the results 
already known to us from the study of the atmosphere. 


DISTRIBUTION OF TEMPERATURE 

2. Vertical Distribution of Temperature. —The results of aerolo¬ 
gies! observations show that tliB temperature of the atmosphere de¬ 
creases continuously as we go up m the atmosphere. By combining 
several observations made oyer a given region, the form of the curve 
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Fig. 1.—Vertical distribution of monthly mean temperatures over Agra. 

giving the variation of temperature with altitude is determined. This 
curve varies slightly with the season, particularly at tho lower levels. 
Fig. 1 gives the vertical distribution of tho monthly mean temperature 
over Agra (lat 27° 1 O' N f long 78° 5' E) in the Uttar Pradesh of India. 

The fall of temperature due to a rise of 100 metres is usually 
called the vertical gradient of temperature and the fall of temperature 
per kilometre rise in altitude is usually known as the lapse-rate of 
temperature. The lapse-rate over any particular region varies with 
altitude and there is also a seasonal variation. 

3. Troposphere and Stratosphere. —From Fig. 1 it is evident that 
over Agra up to a height of 13 to 16 km. there is a rapid fall of 
temperature, above which, however, the rate of fall diminishes and 
at a height of about 20 km. tho temperature become almost constant, 
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i.c., the lapse-rate vanishes. A similar discontinuity in the vertical 
distribution of temperature in the atmosphere is noticed all over the 
world, although the height at which it occurB is not the same every¬ 
where. The outer shell of the atmosphere, in which the temperature 
remains practically constant with variation of height, is given the 
special name of Stratosphere or Advective Zone or Isothermal layer 
to distinguish it from the Troposphere or the Convective Zone , which 
is the lower portion in which there is a considerable fall of tempera¬ 
ture with height. The surface of separation of these two regions of 
the atmosphere, which plays a very important role in modem theories 
of atmospheric circulation, is called the tropopauBe. The height of 
the tropopause varies with the latitude. The tropopause seems to 
lower towards the ground as we proceed from the equator to the poleB, 
its height being about 14 kin. at the equator and about 8 to 10 km. 
at the poles and is greater in summer than in winter. 

The causes of the diminution of temperature with height in the 
troposphere are manifold. Let us try to explain here in general terms 
wily this temperature diminution occurs. The solar ratiation'' during 
its passage through the earth's atmoBphere is only slightly absorbed 
by it, and the amount absorbed is distributed over such a large mass 
of air that the latter is not nt all appreciably heated by the incident 
radiation. In contrast to thiR, however, the energy received by the 
earth is concentrated and therefore heats its surface considerably. 
The heated surface in turn warms the air above it, partly by contact 
and partly by the long wavelength radiated by it and absorbed by the 
air. Now the temperature of air at any height depends upon the total 
energy absorbed and emitted by it. The lower atmosphere at ordinary 
temperatures emits more energy than it absorbs and therefore tends 
to cool by radiation. These two phenomena, the heating of the earth 
and the cooling of the layer above, so affect the density of the atmos¬ 
phere as to cause vertical convection, in consequence of which the 
warm ascending air becomes cooled through adiabatic expansion and 
the descending nir becomes heated by adiabatic compression since 
the pressure of the atmosphere decreases with elevation. In this way 
the decrease of tempernture with increase of elevation is established 
and maintained throughout the region in which vertical convection 
lakes place. We shall calculate in §5 an expression for the lapse-rate. 

Above a certain height, however, convection becomes feeble and 
the temperature of the atmosphere falls so much that the heat radiated 
by it becomes equal to the amount absorbed by it either directly from 
the earth's radiation or from the passing solar radiation. (This is be¬ 
cause the heat radiation received by the air from the earth remains 
practically constant at all available altitudes). The temperature of the 
layer remains practically unaltered at and above this height and 
therefore the convection currents cease above this height. The 
stratosphere therefore is a result of the cessation of convection currents 
and of establishment of radiative equilibrium. 


This has already been discussed on pp. 310-312. 
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4. Vertical Distribution of Frame.— The theory of the diminu¬ 
tion of pressure with increase of altitude is based on the application 
of the ideal gas laws to the atmosphere. Let us assume that the 
troposphere is in convective or adiabatic equilibrium while the stra¬ 
tosphere is in isothermal or radiative equilibrium. On account Of 
convection currents the composition of the air in the troposphere is 
practically the same at all heights so that for the theoretical calcula¬ 
tion of pressure we can assume a mean gas constant for the atmos¬ 
pheric air. For the stratosphere, however, convection currents cannot 
be assumed to exist since we have assumed the layer to be isothermal, 
hence no fixed value can be assumed for the gas constant R/M. We 
must therefore treat each constituent separately with its proper gas 
constant. 

Let —dp be the dccreaseof pressure corresponding to an increase 
of elevation dz. Then if p is the density of air at the point under 
consideration we have, on equating the decrease of pressure to the 
weight of thr column dz, 

-dp = g p dz .(1) 

From Boyle’s and Charles’ law we have p P RT/M where M is the 
molecular weight of the gas Hence (1) yields 

-dp = g P ^ T dz .( 2 ) 

dp _ _ gU Cdz 

"p “ " R J T ' 

Assuming T to ho constant, which is far from being the oaBe as far 
as the troposphere is concerned, we get on integrating (3) the result 

V = p 0 c~ vAlt l ftT . ... (4) 

This is known as Laplace 'b formula and gives the pressure p at the 
height a in terms of the pressure p 0 at the earth’s surface. 

As the temperature of thp air column is really not constant, in 
actual practice the mean temperature of the air column is substituted 
in equation (4). This equation can then be readily applied to calculate 
the difference in height bptween two stations ^hen the barometric 
pressures at the two stations are known. 

For calculating the distribution of pressure in the stratosphere 
wb have to apply equation (4) to each constituent separately since 
due to variation in composition M does not remain the same at all 
heights. We therefore obtain for the partial pressures the result 

p = p^e^gMz/RT ; p' = pJc'-1 Mz l RT . . (5) 

and the total pressure is the sum of these partial pressures. 

5. Convective or Adiabatic Eqidtibrinm.—We have already seen 
in 5 8 that the troposphere is mainly in convective equilibrium. Hence 
equation (4) which was deduced on the assumption that the atmee- 
pikere is at rest ha not quite correct. The factor 'ioh really deter- 
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mines the distribution ol the atmosphere is not equalisation of tem¬ 
perature as assumed in § 4 but the condition that a given mass of gas, 
on being moved from one place to another, shall take up the requisite 
volume and pressure in its new position without any loss or gain of 
heat by conduction. The law connecting the volume and pressure 
in the troposphere should on such assumption approximate to the 
adiabatic law. 


If the adiabatic luw 


p —cp v holds lor the atmosphere, we have 

dp 


tz = c ” 


Uz 


Hence from (1) we get 

’yp'-'U - ~°p* 

Integrating this we get 

-~; i W- 1 -p v - 1 ) = ... (6) 

where p 0 is the density at zero level. This is the law according to 
which the density should fall off with increase in height in the tro¬ 
posphere. Since p — pRT/M, we get on substitution in the relation 
p = cp v the result 


Substituting this in (6) we obtain 




/— 1 


M 


r _ — <7*. 


where T 0 is the temperature at height zero, and J the mechanical 
equivalent of heat. Now since y = c p /c 9 and JM(c p — c w ) = 12, the 
above relation yields'' 


T 0 -T = c,_1 

z «/(*'/" 1Q293' 


(7) 


Thus the temperature decreases proportionally to the increase of 
height as we go upwards in the atmosphere. Substituting numerical 
values we find that the constant of the above equation is about 10°0 
per km. This value is about twice the experimentally observed tem¬ 
perature gradient, namely 5 6 C. per km. 


WATER VAPOUR IN THE ATMOSPHERE 

6. Water gets into the atmospheric air on account of evapora¬ 
tion from surfaces of sheets of water, viz., oceans, rivers, lakes, snow- 
covered mountains, moist soil and from various other sources. Rut the 
capacity of the air to hold water vapour is limited and depends upon 

* This rould be obtained mere readily by using equation (25), p. 48 in place 
of equation (23). 
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■temperature only. At a temperature t, air can hold only a certain 
amount oi water vapour which is given by the saturated vapour 
pressure corresponding to the temperature t, and this amount increases 
with increase of temperature. Jn Table 1 we give the saturated 
vapour pressure of water at different temperatures and the valueB art 


Tabic 1.—Maximum vapour pressure of water in millimetres 
of mercury at different temperatures . 


Tomp. 

°C. 

0 

1 

f 

2 | 

3 

4 

5 

6 

7 

8 

9 

0 

4-579 

4-926 

5294' 

5-6B5 

6-101 

6-543 

7013 

7-513 


BPS1 

10 

9-209 

9844 

10*52 , 

11-23 

11-90 

12-79 

13-63 

14 53 | 15 48 

16*48 

20 

17-54 

18-65 

19-83 

21-07 

22-38 

23-76 

25-21 

26-74 

28 35 

winm 

30 

31-82 


35-66 

37-73 

39-90 

4218 

44-56 

4707 

4B*69 

52-44 

40 

55-32 

58 34 

61-50 

64B0 

66-26 

71-B8 

75-65 

79*60 

B3*71 

88*02 


0 

2 

4 

6 

1 B ' 

10 

12 

14 

16 

18 

50 

92-51 

1021 

112-5 

123-8 | 

1361 

149-4 

163B 

1793 

196*1 

214*2 

70 

233-7 

254-9 

277*2 | 

301-4 , 

327-3 

3551 

384-0 

416* B 

ETUI 

487*1 

90 

525*8 

567 0 

610-9 | 

6576 

707-3 

760-0 

815-9 

875*1 

937-9 



plotted in 1'ig. 2, p. 320. Jf the air contains the maximum amount of 
water vapour that it can hold, it it saturated; if it contains a lesser 
amount, it is unsaturated. In some cases, it may contain more than the 
equilibrium quantity; it is then called supersaturated. The amount 
of water vapour hold in air may be expressed in grams per cubic metre 
or in terms of pressure in millimetres which it exerts. This is known 
as the ‘Absolute Humidity 9 of the air The state of the atmosphere 
with regard to its actual water content is generally expressed by its 
Relative Humidity, which is the iatio of the actual quantity of water 
vapour present in a given quantity of air to the maximum quantity 
that it could hold if it were saturated at the observed temperature. 
Relative humidity is always expressed in percents. 

7. Dew-point.—Tf air containing moisturp is progressively cooled, 
a temperature will be reached at which the moisture that it contains 
is sufficient to saturate it. This temperature is called the Dew-point . 
Any further cooling of the air will bring about a deposition of moisture 
on the smfaee of the containing vessel in the form of “dew”. In 
the large-scale phenomena occurring in the atmosphere the deposition 
may take any one of the different forms, viz, t fog, cloud rain, frost, 
hail, snow, dew, etc. It is easily seen that the four quantities-^ 
temperature, absolute humidity, relative humidity and dew-point are 
inter-related and a determination of only two of them is sufficient. 

This can be easily done with the help of Table 1. Thus if the 
temperature and the dew point are 80° and 20°C. respectively, the 
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saturated vapour pressure at 20°C, is 17*54 mm. which gives the 
absolute humidity of the air and the relative humidity (B.H.) is 
(17'54/31'82) x 100 55%. Conversely, if the absolute humidity is 

known to be 9’7 mm. the dew-point is seen from the table to be equal 
to 10 B C. 


Mil. of 



8 . Hygrometers.—The study and measurement of moisture pre¬ 
sent in the atmosphere is called Hygromciry and the instruments used 
for measuring the amount of moisture are called hygrometers. From 
what has been said above, it will be evident that besides temperature 
we need measure any one of the three quantities—absolute humidity, 
relative humidity and dew-point. 

% Tfee Chemical H yg r o m e ter. —Absolute humidity can be found 
by means of the chemical hygrometer, but it is seldom used. Its 
action consists in extracting the moisture from the sample of air 
by means of drying tubes and by weighing them before and after the 
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experiment. The difference giveR us the amount of vapour in the 
amount of sir which has passed through the tube. 

10* Hie Wet and Dry Bulb Hygrometer or Psycbrometer— 

“Relative Humidity “ can be easily measured by means of a wet 
and dry bulb hygrometer. This consists of two accurate mercury 
thermometers attached to a frame. Round the bulb of one of these 
is tied a piece of muslin to which is attached a wick extending down 
into a vessel containing purB water. The evaporation from the large 
surface exposed by the muslin produces a cooling and thuB the wet 
bulb thermometer records a lower temperature than the dry bulb 
theimometer. In the steady state there is a thermal balance between 
the wet bulb and the surroundings. The greater the evaporation the 
greater will be the difference in temperature between the two. Now 
evaporation will be greater the lesser the humidity of the air and 
thus the difference m temperature between the wet bulb and the 
dry bulb is a direct measure of the humidity. The rate of evaporation 
is, however, further affected by the pressure and the wind; large 
pressure tends to retard evaporation while large wind velocity accele¬ 
rates it. The effect ol pressure is however very small and may be 
neglected, while the effect of wind is rendered constant by maintaining 
a constant supply of fresh air. 

A relation between the readings of the two thermometers and 
certain other quantities can be easily found. If T t T' denote the 
absolute temperatures of the dry and wet bulbs respectively, p the 
pressure of water vapour prevailing in the air and p / the saturated 
vapour pressure at 7", and II the barometric pressure, the rate of 

Y) f — 1) 

evaporation will be proportional to -jj~ aud also to (5P — T y ); 
therefore 

p'-p-iiH(r-r). .... (8) 

where A is some coustant depending upon the conditions of ventilation 
and is determined from a large number of experiments. Thus know¬ 
ing other quantities, p and hence the R. H. can be found. 

11. Dew-point Hygrometers. —Hygrometers in which humidity is 
found irom a direct determination of the dew-point are called Dew¬ 
point Hygrometers. Examples of this type are the Daniell, the 
Regnault and the Dines' hygrometers. The essential principle under¬ 
lying all of them is the same, viz., a surface exposed to air is steadily 
cooled till moisture in the form of dew begins to deposit on it. The 
temperature is again allowed to rise till the dew disappears. The 
mean of the two temperatures at which the dew appears and dis¬ 
appears gives the dew-point. These hygrometers are however rarely 
used in meteorological work. They differ from one another in the 
manner of cooling or in the nature of the exposed surface. We shell 
therefore describe only one of them, viz. the Regnault' s hygrometer. 
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12. Regnaolfs Dew-point Hygrometer. —This consists of a glass 
tube fitted with a thin polished silver thimble or cap containing ethei. 
The mouth of the tube is closed by a cork through which passes a 
long tube going to the bottom of the ether, a thermometer with its 
bulb dipping in the ether, and a short tube connected on the outsidr 
to an aspirator. When the aspirator is in action air is continu¬ 
ously drawn through the ether pro¬ 
ducing a cooling and the temperatuir 
ui the thermometer falls. The pro¬ 
cess is continued till moisture deposit 
on the surface of the thimble, and the 
corresponding temperature is noted. 
In order to help in recognizing the 
first appearance of this moisture liv 
comparison, a second similar tube pro¬ 
vided with a silver thimble but with¬ 
out ether is placed beside it. Next 
the aspiiator is stopped, the apparatus 
allowed to heal up and the tempera- 
lure when the dew disappears 
noted. 'Hie mean nt these two tcni- 
peiaturos gr\es the dew-point. 

13. The Hair Hygrometer.—-Fm 

ordinal 1 v purposes the relative humi 
ditv can be roughly measured by the 
II u 1 1 J L\ grumetcr. This cousisi ** 
essentially of a long human hair from 
wlueh all oily substance has been 
extracted hv snaking it in alcohol oi 
a \umk alkali solution (NnOH or 
Fi s 3. —The hair Iivunanelei KOII). Wlien -.o tri-fltpil the hail 

acquires the property oi absorb¬ 
ing moisture from the air on being exposed to it and thereby 
changing m length. Experiments havp shovn that this change in 
leugth is approximately proportional to the change, between certain 
limits, m the relative humidity of the atmosphere. Fig. shows u 
hHir hygrometer. The hail* h has its one end rigidly fixed at A 
while the other end passes over a cylinder and is kept taut by a 
weight or spring. The cylinder carries a pointer which moves over n 
scale of relative humidity graduated from 0 to 100. The changes in 
length of the hair duo to changes in humidity tend to rotate the 
cylinder and thereby cause a motion of the pointer. The instrument 
must be frequently standardized by comparison with an accurate 
hygrometer and then its readings are reliable to within 5%. 

14. Methods of Causing Condensation. —We shall now find out 
under what conditions the water vapour present in the atmosphere 
can be precipitated from it. This water vapour can be condensed 
into liquid water or solid ice if the actual vapour pressure exceeds the 
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maximum vapour pressure corresponding to the existing temperature. 
This happens almost exclusively when the air is cooled down more 
or less suddenly but in rare cases it may occur i£ the vapour pressure 
happens to increase due to some local effects such as compression of 
saturated water vapour etc. 

The cooling of air may take place by the following three 
processes: — 

(1) Due to radiation of beat or due to contact with cold bodies. 

(2) Due to the mixing nt cold and warm air masses. 

(3) Due to adiabatic expansion caused by sudden decrease of 
pressure. 

The first process should have been file most effective in produc¬ 
ing precipitation had it been active iu large masses of air. But air, 
even when it is moist, is a poor conductor and radiator of heat, so 
that radiation and conduction of heat play a minor role in the pheno¬ 
menon of precipitation. The result of the loss of heat by radiation 
or by contact, with cold bodies, such us the surface of the earth in 
winter, cold walls, stones, etc., is the formation of mist, fog, dew, etc. 


The second mode ot condensation depends essentially on the 
experimental fact that the saturated vapour pressure ot water increases 
much more rapidly with increase ot temperature than the temperature 
ilseif. Thus if two equal masses of air. initially saturated at tem¬ 
peratures t nud 1' respectively, are allowed to mix together, they 
will acquire the mean lemperature t nl (t + f')/2, while the meun 
vapour pressure will be (c+c')l2. where c, r' denote the saturated 
vapour pressure of water nt temperatures t and t' respectively. On 
account of the above property, however, this mean vapour pressure 
will be greater than A 7 , the satin ateil vapour pressure at t„, and 
therefore the excess of water will condense. As an example take the 
following illustration-—Let ub have equal masses of saturated air at 
4° and 32 D (\ When mixed up the lemperature becomes 18°C. To 
saturate the mass we require 15*4 gin. per cubic metie. The separate 


['Oiituin ft4 and 338 grams and the mixturp 


ft*4-f B8 a 8 


per cubic metre. Hence 20*1 -15*4 = 4‘7 gm. will separate by 
condensation. 


If the two masses ot air are not saturated before mixing, there 
may be condensation in some cases. This will depend upon the 
proportions of the mixture. Jf both the masses are very near the 
point of saturation, then condensation may take place at some places, 
and no condensation or even evaporation at others. This explains 
the formation and the disappearance of certain kind of clouds. 


This third process is the most important because it is active on 
a large scale and produces cloud and rain. When moist air is 
allowed to expand adiabatically its temporature falls and some of 
its moisture iB condensed if 1he temperature falls below the dew¬ 
point. This is the process which generally takes place in the atmos- 
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phere. An ascending current of moist air suffers a decrease ot 
pressure as it ascends, it therefore expands almost adiabatioally and 
paits with some of its moisture. To calculate the cooling we have 
to apply the first law ot thermodynamics 


15. Adiabatic Change of Hnmid Air. —From the first law oi 
thermodynamics if dQ be the amount of heat supplied to a given 
mass of air, 

dQ - c p iT— -J dp = <y IT- £Ldp. . . (9) 

In case ot * mats of satuiated air rising upwards, the heat dQ 
is added as a Jesuit of an amount dm of vapour being condensed 
Hence, 

dQ - -Ldm , . (ID) 

wheie L is the latent heat of \aponzation Therefore 

Dm 

-Ldm — CpdT- ■ ■ ■ ( 11 ) 

The total mass m ol water vapour mixed with umt mass of illy 
an is gi\en by 


m - 0 623 x p , 


where 0 623 is the latio of the molecular weight of water vapoui to 
the weighted mean of the molecular weight of the constituents of tli \ 
air, c the vapour pressure, and p the pressure of the dry air. Hence 
dw = df _ dp 

m i p * 

Substituting this value of dm in (11), we have 

dr Lm , m RT , 

-Tm f + - dp- B pdT y ^dp 


0, 


or (c p 1 Lm f /y )dT - Lm+ . (13) 

Now dp = —pgd» = — da Substituting this value m (13) 
we get 

(LmM_ 1\ 

dT __ ? U M. . . . (14) 

d% Lm de 

Cp + ~T dT 

This is the rate of decrease of temperature with elevation of 
saturated air. All the quantities on the right-hand aide of this 

dT 

equation are known, so that ^ can be easily evaluated. 
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2 Brunt, Meteorology 

3 Lempfert, Meteorology 

4 Hann, Lehrbvch der Meteorologie 

5 Wegener, Thermodynamik dor Atmosphere . 



APPENDIX I 

ERRORS OF MERCURY THERMOMETER AND 
THEIR CORRECTION 

As mentioned on p. 2 various corrections must be applied to 
the mercury thermometer if it is used for accurate work. The method 
of applying these corrections is explained below:— 

(i) Secular Rise of Zero. Glass is to some extent plastic and 
therefore its recovery to its original volume is an extremely slow pro¬ 
cess. During the construction of the thermometer the glass is heated 
to high temperatures and then allowed to cool. In this cooling process 
the contraction of the glass first takes place rapidly and then slowly 
even upto several years. Naturally therefore when calibration of the 
thermometer is usually undertaken the glass haB not contracted to 
its final steady volume and the zero-point shows a secular rise for 
years due to this gradual contraction. This defect can be greatly 
removed by choosing suitable mateiial for the glass of the thermo¬ 
meter, by properly annealing the tubes and storing them for years 
before making thermometers out of them. 

(ii ) Depression of Zero. This defeet is also due to Ihe defect ju 
the property of glftbb mentioned above. When a thermometer is 
suddenly cooled from 100° to 0 D (\ llie bulb does not at once regain 
its original volume and there is a consequent depression of zero, whose 
magnitude is greater the higher the temperature to which the ther¬ 
mometer was exposed and the longer the duration of this exposure. 
Tin* method adopted by the Bureau International to correct for the 
depression of zero is the “movable-zero melhort" of rending tempera¬ 
tures. Tn this method the boiling point (1U0°( 4 ) is first determined 
and immediately after, tile iee reading is taken ; let thpse readings on 
the thermometer be X and Z respectively. Suppose this thermometer 
reads X t when immersed in a bath at l°C Immediatelv after this 
the thermometer is immersed in ice; let its corresponding reading 
be Z t . Then the correct temperature t Q C of the bath is given bv 

1 . *p|l|00 

A - A 

(iii) Errors in the fixed points. For the lower fixed point ihe 
thermometer is clamped vertically with the bulb and a little part 
of the stem surrounded by pure ice mixed with a little quantity of 
distilled water. Suppose in the steady state ihp mercury stands at 
— 0‘1°C; then the freezing point correction is +0*1°C (additive). Tt 
the level of mercury stands above the zero degree mark, the correc¬ 
tion is subtractive. 

For thp upper fixed point the thermometer is kept suspended 
inside a hypsometer with the bulb exposed to steam in tfa^e inner 
chamber. The steady reading of the mercury level is observed and 
the reading of the manometer indicating the pressure of steam noted. 
Suppose the thermometer reads 99‘2°C under a pressure of 75’8 cm 
of mercury. Since the boiling point for this pressure is 99*98°C, the 
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correction is 9993-99*2 = 0‘73°C and is positive. If the observed 
boiling point is above the calculated one, the correction is negative. 

(w) Correction for nor^uniformity of bore. As capillary tubes are 
drawn and not bored, slight inequalities in the diameter of the bore 
are bound to exist in the stem of the thermometer. This necessitates 
a small correction which is carried out as follows:—A small portion 
ot the mercury thread is detached from the rest and its length 
measured when it occupies successively different parts of the stem, 
say between 0 and 10, . . . .10 and 20, 90 and 100 marks. The 
measured lengths will vary from place to place due to bon-uniformity 
of the bore; let these lengths be l lt l 2 , . . . . ? 10 respectively. Let the 
corrections to be made for non-uniformity in the vicinity of the 


0, 10.100 mark be a 0 , fl J0 .a 100 respectively. 

accurate length of the mercury thread used, 

If l is the 

l = l 1 + a, 0 -a t . 

■ • (1) 

1 + a ao ' • 

• • (2) 

^ — ^10 4 fl l0D 

• ■ (3) 

Adding up, 

• • (4) 

10 1 -= (lj- \-l s + . l l0 ) (flioo~ a n)- 


a JUU uml a n arv the corrections to the upper and lower fixed points 
winch ran be determined experimentally as explained in (fit) above. 
Hence l can be calculated fiom (4). Substituting this value of 1 in (1) 
a 10 can be calculated since n 0 is known. Similarly from (2) a 2Q is 
calculated and so on A graph is then drawn with the marked scale 

divisions ab abscissa, and c D , ff 10 ,.a lft0 as ordinate. From this 

graph corrections for intermediate temperatures can be easily read. 

In standard English thermometers this tedious correction has 
not in be applied by the user as the mteivnl between the fixed points 
is subdivided not into equal parts but into equal volumes to represent 
the degrees on this thermometer 

(u) Correction for lag of the thermometer If the bulb of a 
thermometer is placed in a hot bath, the thermometer will not attain 
the temperature of the bath instantaneouslv but will require a small, 
definite interval of time to attain that temperature. This is called 
the “lag” of the thermometer. The lag of the mercury thermometer 
increases with the muss of mereuiw and ihc thickness of the glass 
and also depends upon flip nature of the medium surrounding the 
bulb T)ue to this lag the ihermometer reading will be higher when 
a bath is cooling and lower when the bath temperature is rising. 

Suppose w T e consider the ease when the temperature of the bath 
is rising. The correction for lag is applied as follows:—The bulb of 
the thermometer is immersed in the bath and the thermometer read¬ 
ings noted as n function of time and the observations plotted on a 
graph with temperature as ordinate and time as abscissa (Fig. 1). 
The curve AB represents the rise of temperature with time. To 
find the correct temperature of the bath at each point on the curve, 
an auxiliary experiment is performed in which the bulb of the thermo- 
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meter is immersed in a thermostatic bath maintained at a temperature 
somewhat higher than the maximum recorded in the main experiment. 
The thermometer readings are read at short intervals until the thermo¬ 




meter attains the steady temperature of the bath. These read ing s arc- 
plotted on a graph with time as abscissa and the difference of the 
thermometer reading and the temperature of the bath as ordinate, 
and the curve RS (Fig. 2) obtained. 

It will now be assumed that the lag does not depend upon the 
actual temperature of the bath but only upon the rate at which 
the temperature is changing. Consider a point M on the main cuive. 
The lag at this instant depends upon the slope (dOjdt) of the curve at 
this point M. Now find out a point P on the curve RS where the 
slope is the same as the slope at the point M. Then the lag PQ 
will also be the lag at M. Hence if PQ *r- MN, N gives the corieci 
temperature corresponding to M. In this way the corrected curve 
A' R' can be easily drawn 

(vi) Error due to change* in the tier of the bulb caused by 
variable internal and external pTcssure. For diminishing the time 
lag the bulb of the thermometer is usually made thin. Any increase 
in external pressure therefore easily alters the volume of the bulb 
and causes a rise of mercury level in the stem. Suppose the thermo¬ 
meter is graduated when the external pressure is equal to the atmos¬ 
pheric pressure. If the external pressure is now increased the bulb 
will contract and the mercury in the stem will rise. The external 
pressure coefficient is defined as the ratio of the rise of mercury in 
the stem, expressed in degrees, to the increase in external pressure, 
expressed in mm. of mercuiy. This ratio can be easily determined 
experimentally. Knowing this and the external pressure" to which the 
bulb is subjected at the time of reading the thermometer, the correc¬ 
tion to be applied can be readily calculated. 

When a thermometer has been graduated in the horizontal posi¬ 
tion ^ and a subsequent reading is taken with the thermometer in the 
vertical position, there is an increase in the internal pressure du© to 
the vertical column of mercury in the thermometer. The bulb con¬ 
sequently expands causing a depression of mercury in the stem, for 
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which a correction is necessary. To determine this oorreotion the 
readings of the thermometer are observed in the horizontal and vertical 
positions at any one temperature. The difference in the two readings 
gives the depression of mercury in the stem due to an increase in 
pressure caused by the mercury column which extends from the centre 
of the bulb to the mark on the thermometer at which mercury stood 
in the vertical position of the thermometer. Expressing thiB pressure 
m mm. of mercury we can define the internal pressure coefficient ae 
the ratio of the depression of mercury in the stem, expressed in 
degrees, to this increase ol internal pressure. Knowing this coeffi¬ 
cient, which iB constant, the correction can be calculated for any read¬ 
ing of the thermometer in the vertical position. 

(vii) Error due to capillarity. The surface tension of mercury 
causes an excess of pressure within the meniscus over that outside. 
This excess of pressure depends on the radius of the tube at the 
point where the meniscus lies (p « 1/r). If the stem is not uniform in 
bore, there will be variations of internal pressure as the thread of 
mercury rises or falls and therefore the thermometer readings will 
not be very accurate. Further the angle of contact between mercury 
and the sides of the tubp depends upon whether the mercury is rising 
or falling, the meniscus being flatter when mercury is falling. There¬ 
fore a rising thread always gives somewhat lower readings than a 
falling one. It is also found that the mercury thread is less dis¬ 
turbed by capillarity when it rises than when it falls and therefore it 
is preferable to take readings with a rising column. 

fviii) Error due to crjioscd stem or emergent rnlvmn. Generally 
when the temperature ol a bath is measured, only the bulb of the 
thermometer and a portion of the stem are immersed in the bath. 
In such cases the part of the stem exposed to the atmosphere does 
not acquire the temperature of the bath and therefore the thermometer 
reading will be less than the true temperature of the bath. The 
correction for this exposed or emergent column is applied as follows:— 
Let the thermometer reading bo t l when the stem upfco t a mark 
is immersed in the bath. Thus n ( — — 1 2 ) divisions are exposed to 

the atmosphere, and its average temperature f 0 is measured by a 
special integrating thermometer with a long bulb placed near it, with 
its centre coinciding with the centre of the exposed part. Let t 
denote the corrected temperature and 8 — to — g the coefficient of 
apparent expansion of mercury in glass (m — expansion coefficient of 
mercury, g , of glass). Then a mercury column whose length is n 
divisions at t 0 has to be corrected to the temperature t. Tf this 
column were to rise in temperature from A e to t, the increase of height 
(which measures the increase of volume) would be n8(f —f 0 ) divisions. 
This must therefore be added tn the observed reading t, to give f. 
Hence 



EXAMPLES 

I 

1. Discuss the advantages of using one of the permanent gases 
as a thermometric substance for defining a scale of temperature. 
Describe some convenient and accurate form of gas thermometer, 
explain its mode of use and show how the temperature is calculated 
from the observations made with it. (Madras, B.Sc., 1925.) 

2. The pressure of the air in a constant volume gas thermometer 
is 80’0 em. and 1094 cm. at 0° and 100°C. respectively. When the 
bulb is placed in some hot water the pressure is 94'7 cm. Calculate 
the temperature of the hot water. 

3. An air bubble rises from the bottom oi n pond, where the 
temperature is 7°C\. to the surface 27 metres above, at which tlui 
temperature is V7°C. Find the relative diameters of the bubble 
in the two positions, assuming that the pressure at the pond surface 
is equal to that of a column of mercury of density ].Tf> gm. per c.c. 
and 7G cm. in height. 

4. Explain clearly the meaning of absolute temperature of the 
air thermometer scale. A gram of air ib lioated from 2f>°0 to 70 'C 
under a constant pressure of 75 cm. of mercury. Calculate the 
external work done in the expansion given that the density ot air 
at N.T.P. is 0-001293. 

5 What is an air thermometer? Explain the method of 
measuring temperature by Callender's compensated air thermnmcler. 
Describe a method for measuring very high temperatures. (A. U , 
B.Sc., 1927.) 

0. Describe the Callendar’s compensated theimometer and 
explain how tempeialures are taken with it (A. U B.Sc. 1944; 
Utkal Dmv 1952; Punjab Univ. 195-1.) 

7 Describe briefly the method of standardisation and the 
range of uselulness of platinum resistance thermometers, and discuss 
some of the difficulties of precise resistance measurement and the 
precautions (to be taken to avoid or correct for these. (A. U., 
B.Sc., lions., 1929.) 

8. Give an account of the construction and use ot the platinum 
resistance thermometer, pointing out any special advantages of the 
instrument. (Utkal Univ. 1950; Gujerat Univ. 1951; Pun)ab 
Univ. 1950.) 

9. Describe various methods of measuring high temperatures. 
(A. U., B.Sc., 1931, 1932, 1949; Gujerat Univ. 1951; Punjab 
Univ., 1056.) 

10. State, with reasons, the type of temperature measuring 
device which you consider most suitable for use at temperatures, 
of (a)-200°C., (&) —50°C., (n) 50°C., ( d ) 700°C. f (e) 200°C. 
(London, B.Sc.) 
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33 Describe 'two methods for measuring high temperatures* 
State eleaily the principles underlying them and the range and sensiti¬ 
vity of each. (A. U., 11 Sc., 1941.) 

32. Write a short essay on the measurement of (a) high and 
(b) low temperatures. (Delhi Univ. 1954; Punjab Umv , 1946.) 

13. In what respects is a constant volume gas thermometer 
superior to the constant pressure gas thermometer. Describe the 
•construction and use of the international standard hydrogen constant 
volume thermometer. (Patna Univ., J949; Ufkal Univ., 1954.) 

IT 

1. Enunciate Newton’s law of cooling and show how corrections 
can bo made for the heat Just by radial ion during calorimetric ex¬ 
periments. Establish a relation for finding the specific heat of liquids 
by the method ol cooling. (Nagpur, li.Sc., 1930.) 

2. 11 a body takes 3 minutes to cool from 10(>°(.\ to IK) 0 ! 1 ., how 
Jong will it take to cool from GO°C. to 20° C., assuming that the 
temperature of the surroundings is 10°(\, and that Newton’s law 
of cooling is obeyed. 

3. Describe Jolj 's differential si earn enlonmeter and explain 
how it is used for linding the specific heat of a gas at constant 
volume. State the corrections to he made. (Punjab Um\ , 1952, 
1951; Oujerat Univ., 1951; Patna Univ, 1947.) 

4 Describe the steam calorimetei. Explain how it may be 
used to determine (i) the specific heat of a gab at constant volume, 
(u) the specific heat of a small bulid (A. U , h Sc , 1929.) 

5. Describe a method ot determining the specific heat of a gas 
at eunstant volume, giving a neat diagram of the arrangement of 
the apparatus necessary. Why is the speeilie heat at constant pressure 
greater than that at constant volumel 1 (Dacca 11.Sc-, 1930.) 

0. Describe the constant How method ot Callendar and Barnes 
foe the measurement of the meehumeul equivalent of heat. In an 
experiment using this method, when the rate of flow of water was 
11 gm. per minute, the heating cun cut 2 ampeies mid the difference 
of potontiul between the ends of the heating vwip 1 volt, the rise 
of temperature of the water was 25°(\ On increasing the rate of 
flow to 25*4 gm. per minute, the heating current to 3 amperes and 
the potential difference between the ends ol the heating wire to V51 
volts, tho rise of temperature of tlie water was stiJl 2*5°0. Deduce 
the value of the mechanical equivalent of heat (A. U., 13.Sc., 1931.) 

7. Describe Nernst vacuum euJorimeter anil indicate briefly liow 
it has been used for measuring speeilie heats at low temperatures. 
(A. U., M.Sc., 1925.} 

8. (live an account of the continuous flow method of measuring 
the specific heat of a gas at constant pressure and point out its 
advantages. (A. U., B.Se., 1938.) 
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9. Id a determination of the specific heat at constant pressure 
by Regnault's method the gas is supplied from a reservoir whose 
volume is 80 litres at 10°C. The pressure of the gas in the beginning 
is 6 atmos. and in the end 2 a tin os., the temperature remaining 
constant at 10°0. The gas was heated to 150°C. and led into a 
calorimeter at 10’0°C. The final temperature of the calorimeter and 
contents was 31'5 C C. and its water equivalent was 210 gm. If the 
density of the gas is 0*089 gm. per litre at N. T. P., calculate its 
specific heat at corstant pressure. 

10. A quantity of air at normal temperature is compressed 

(a) slowly, (b) suddenly, to ^ of its volume. Find the rise of 

temperature if any, in each case. 

[Ratio of the two specific heats of air = 1/4, log 2‘73 — '4362; 
log 6B58 = 0-8362.] 

Deduce the formula used for (b). (A. IT., B.Sc., 1928.) 

11. In a Wilson apparatus for photographing the tracks of « 
particles the temperature of the air is 20°C. If its volume is in¬ 
creased in the ratio 1375: 1 b> the expansion, assumed adiabatic, 
calculate the final temperature of the air. (The ratio of specific 
heats of air — 1*41.) 

12. What is meant by an “isothermal” and b,y un “adiabatic”? 
Find the relation between pressure and volump for u perfect gas 
in an adiabatic change. (London, B.Sc.) 

13. Deduce from first principles the adiabatic equation of a 
perfect gas. 

A motor car tyre is pumped up to a pressure of two atmospheres 
at 15°C. when it suddenly bursts. Calculate the resulting drop in 
the temperature of air. (A. U., B.Sc., 193B.) 

14. Describe a method of determining the ratio of the specific 
heats of a gas at constant pressure and constant volume. How has 
the mechanical equivalent of heat been calculated from a knowledge 
nt this ratio? (A. U., B.Sc., 1929.) 

15. Explain why thB specific heat of a gas at constant pressure 
is greater than that at constant volume. Obtain an expression for the 
difference between the values for a perfect gas. Find the numerical 
value of their ratio for monatomic gases. (Punjab Univ., 1949, 1951; 
Ftkal Univ., 1952.) 

16. Describe the Clement & Desonnes’ method of finding the 
ratio of specific heats of air, giving the simple theory of the method. 
What arc the objections to the method and what modifications and 
improvements have been proposed. (A. TJ., 1950; Bihar TJniv. 1954; 
Utkal Univ. 1955.) 

17. Derive the relation between volump and temperature of a 
mass of perfect gas undergoing adiabatic compression. 

A quantity of dry air at 15°C is adiabatically compressed to £th of 
its volume. Calculate the final temperature given y=r4 and 
‘ 4 =1*74. (Aligarh Univ., 1948; Punjab Univ., 1957.) 
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IB. Explain how the mechanical equivalent of heat can be 
deduced from a knowledge of the specific heats of air at constant 
pressure and constant volume. State clearly any assumptions made 
in your reasoning and describe experiments, if any, which afford 
justification for such assumption. (Madras, B.Sc., 1923.) 

19. Describe a method of determining the ratio of the two specific 
heats of a gas. Show that it follows from the kinetic theory of gases 
that the ratio of the two specific heats in the case of a monatomic 
gas is 1'66. (Madras, B.Sc., 1924.) 

20. Find the ratio of the specific heats of a gas lrom the follow 
mg data:—A flask of 10 litres capacity weighs, when exhausted, 
160 gm.; filled with the gas at a pressure of 75 cm. of mercurj it 
weighs 168 gm. The column of the gas, which when confined in a 
tube closed at one end and maintained at the same temperature as 
the gas in the flask, responds best to a fork oi 223*6 vibrations per 
second, is 50 cm. 

21. Determine the ratio of the specific heats of air from the 
following data:—Velocity of sound = 34215 cm. per sec. in air at 
750 mm. and 17°C; density of air --- *00129 gm. per o.c. at N. T. P.; 

coefficient of expansion of air- ; <j = 981 cm./sec. 3 ; density )f 

mercury - 13*G gm. per r i* (Manchester, B.Sc.) 

JiL 

1. In an expeiimenl with Joule’s original appaiatus the mass 
of the weights on either side was 20 kilograms and each fell through 
a distance of one metre toity times in succession. The water equi¬ 
valent of the calorimeter and its contents was 6 kilograms and the 
rise in temperature during the experiment was 0 02° 0. Calculate the 
\alue of the mechanical equivalent of heat. 

2. Determine the heat produced in stopping by friction u fly¬ 
wheel 50 kilograms in mass and 50 cm. m radius, rotating at the rale 
of one turn per second assuming the fty-wheol to be a disc mounted 
axially and having a uniform distribution oi mass. 

3. A canon ball of LOO kilograms mass is projected with a velocity 
of 400 metres per second. Calculate the amount of heat which would 
be produced if the ball were suddenly stopped. 

4. In kOne hour a petrol engine consumes 5 kilograms of petrol 
whose calorific value is 10,000 cals, per gram. Assuming that 23 per 
cent of the total heat escapes with the exhaust gases and that 12 per 
cent of the heat is converted into mechanical energy, find the average 
horse-power developed by the engine and the initial rate of rise of 
temperature of the engine per minute. Badiation losses may be 
ignored and the water equivalent of the whole engine is 40 kilograms. 

5. Give the outlines of the methods by which the mechanical 
equivalent of heat can be determined. Assuming that for air at 
constant pressure the coefficient of expansion is 1/278, the density 
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at 0°C. and atmospheric pressure is 0*001293, the specific heat 

0*2389 and the ratio c p jc v — 1*405, calculate the mechanical 
equivalent of heat^ Suppose that there is inappreciable cohesion 
between the molecules. (Bombay, B.Sc., 1924.) 

6 . Define the mechanical equivalent of heat. Tf the kinetic 
energy contained in an iron balJ, having fallen from rest through 
21 metres, is sufficient to raise its temperature through 0*5°C., 
calculate a value for the mechanical equivalent of heat (given 0 = 980 
cm. per sec. per sec. and specific heat of iron — 0 ’ 1 ). 

7. Show how the method of electrical heating lias been adopted 
in the determination ot the mechanical equivalent ot heat. Ono 
gram ol water at 100 °C. is conveited into saturated vapour at the 
same temperature. Calculate the heat equivalent of the external work 
done during the change. Density oi water at 100°C. = 0*950 gras, 
per e.c*.; density of salurated si cam at 100°t\ - 0 000598 gras, per o.c 

H. Describe Calendar A Baines’ continuous flow method oi 
measuring the mechanical equivalent ot heat. State how the method 
can be adopted to measuie the variaiiou ot specific heat of water 
between 10°r and 90°(k (Punjab Uni\ , 1951, A. l\, 1951.) 

9. Explain what is meant b\ the ”velocity nl mean square” of 
the molecules ot a gas and their “mean Iron path”. 81inw how these 
two quantities can be found (Brmibav, B.Sc , L924.) 

10. Calculate the molecuhu velocity (square root oi the mean 
squuie velocityj m the case oi a gus whose density is 1 1 gm. per lilre 
at a pressure of 70 cm. ot mercury. Density ol inercurv - 13*0, 
tj — 981 em per sec. per sec (Man chest cm 1 , B Sc ) 

11. Show that piesbine oi a gas is equal to two-thuds ol the 
kinetic eupigy ol translation per unit volume. Calculate the kinetic 
energy of hydrogen per gram-mulecule at 0 L C (A. Ik, B.Sc., 1949.) 

12 Deduce Bn\le’s and Axogadro'e laws fioin the kinetic theoiy 
ot gases. \Yhnt iutei predation of temperatmc is given according to 
this theory ? (A 1\, B.Sc., 1928.) 

13. Outline the <ssential features of the kinetic theory ol gases 
Find an expression foi the pressure ol a gas on the basis of the kinetic 
theory (Pan jab Uiii\ , 1954, 1955, 1957; Delhi Uim., 1954.) 

L4 Deduce an expression for the conductivity of » gas from the 
kinetic theory. Ilnw would you actually proceed to determine the 
conductivity ot any particular gas? (A. IT., B.Sc., Hons., 19111.) 

15. State the law of equipartition of pnergv. Prove that for a 
monatomic gas, the \alue of gamma, the ratio between the specific 
heats is 5 3 and for a diatomic gas it is 7/5. (A IT., B.Sc., 1932.) 

L 6 . Kind an approximate expression for the mean free path of 
a molecule in a gas, and give a short account of any one phenomenon 
depending on the length of the mean free path. (London, B>.Sc., 
Hons.) 

17. What is meant by (a) the “coefficient of viscosity" of a gas, 
(ft) the “mean free path of its molecules"? Show how to deduce a 
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relation between these quantities from the kinetic theory. (Lond.* 

B.Sc.) 

18. Describe some phenomena which have led to the conclusion 
that molecules have a finite diameter and mean free path. How can 
the latter be determined? 


IV 

1. How has van der Waals modified the isothermal equation ior 
a gas? Calculate tlio values nf the critical pressure, volume and tem¬ 
perature in terms of the constants of his equation. How do the 
theoretically derived results tallv with experiments? (A. U., B.Sc., 
1931.) 

2. Derive van der Waals' equation of state and obtain expres¬ 
sions lor the critical temperature, pressure and volume in terms of 
the constants of mul der Waals’ equation. (Punjab Univ., 1957; Delhi 
Univ. 1953; Bombay Univ. 1953; Patna Univ. 1918; Calcutta Univ. 
I04B.) 

3. Expiess tlie value of the critical temperature in terms of a, 
h and It. Calculate its value frn (Y) a where ft — ’00874 and l>=-‘0023 
(Pnnjab Univ. 1957; Allahabad Univ. 1952.) 

4 Define critical temperature, pressure and valume of a vapour 
and give some account of the behaviour of a substance near the critical 
point (A. D , B Sc., 1927.J 

5 Draw a diagiam showing the general form of the isothermal 

including both liquid and vapour shite, and explain the meaning of 
the different pmts of the cur\e. What is the true form of the straight 
poition of this curve and wh\ ? (A. U.. B.Sc., 1935.) 

0, Give un account ol the properties nf fluids in the neighbour¬ 
hood nt the critical point. De&ciibe liow vou would determine the 
critical constants of a substance (A TJ., It.Sc , Hons., 1928.) 

7. What is meant bv the critical point in the, state of a fluid? 
Show on u dingi am the character of typical isollievmals of a fluid 
above and below the critical temperature. Explain how van der 
Waals' equation accounts for the existence of a critical point. 
(London, B.Sc.) 

8. Eaqilttiu how van der Wauls' equation accounts for the exist¬ 
ence of a critical point. Calculate the values of the critical pressure, 
critical volume and critical temperature for a gas obeying van der 
Waals’ equation. (A. U., B.Sc., 1947.) 

9. Describe the experiments of Andrews on carbon dioxide. 
State and discuss the results obtained by him. (Bombay Univ., 1953; 
Bavoda Univ., 1954.) 

V 

3. How would you determine the vapour pressure of a liquid 
above its normal boiling point? Explain how clouds are formed by 
the mixing of warm moist air with cold moist air. (A. U., B.Sc., 
1927.) 
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2. Describe a method of determining the vapour density of a 
volatile liquid, and explain the theory of vour method. (Dacca, B.Sc., 
1928.) 

3. Give an account oi a method which has been adopted for 
the determination of the pressure of saturated vapour between 100°C., 
and 120°C. Explain clearly what is meant by the statement that 
the specific heat of saturated vapour at 100°C. is negative. (Madras, 
B.Sc., 1924.) 

4. An electric current of O'75 ampere is passed for 80 minutes 
through a coil of wire of 12‘4 ohms resistance immersed in benzene 
maintained at its boiling point, and 2085 gm. of benzene are found 
to have vaporised. Calculate the latent heat of vaporisation of 
benzene. 

VL 

1. Write an essay on ‘artificial production of cold'. (A. U., 
B.Sc., Hons., 1930.) 

2. Describe the manufacture of liquid air. (A. U., B.Sc., 1930.) 

3. Discuss theoretically the production of cold by expansion of 
gases through porous plugs. 11 uw has this principle been applied 
in machines for liquefying air? (A. l\, B.Sc., 1937; Delhi Univ., 
1053, 1954.) 

4. W>ite a short essay on the liquefaction of the so-called perma¬ 
nent gaspR. (Dacca, B.Sc., 1928.) 

5. Describe a method of liquel\ing hydrogen, and explain the 
principle involved in thB process. (A. tJ., B.Sc., 1928.) 

6. Describe and dificuss the porous plug experiments of Joule 
and Kelvin. Explain what is meant by temperature of inversion, 
illustrating your answer by reference to hydrogen and helium. 
(London, B.Sc.) 

7. Describe and explain the methods used in the manufacture 
of ice and liquid air. (A. U., B.Sc., 1935.) 

8. Distinguish clearly between adiabatic change and Joule- 
Thoiuflon effect. Describe how the latter has been utilised for lique¬ 
fying hydrogen. (A. TJ., B.Sc., 1947.) 

VII 

1. Describe and explain a method nl‘ measuring the linear 
expansion of solids by means of interference bands. 

2. If a crystal have a coefficient of expansion 13 x 10~ 7 in one 
direction and of 231 x 10“ 7 iu every direction at right angles to the 
first, calculate its coefficient of cubical expansion. (London, B.Sc.) 

3. A lump of quartz which has been fused is suspended from a 
quartz and allowed to oscillate under the influence of the torsion of 
the fibre. If the coefficient of linear expansion of the material is 
7X10 -7 and the temperature coefficient of its rigidity is +18x10“*, 
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how many seconds a day Dr what fraction of a second a day would a 
change ot temperature of 1°C. make? (London, B.Sc.) 

4. A seconds pendulum is one which completes half an oscilla¬ 
tion in 1 second. Such a pendulum of invar is given and is correct 
at 10°C. If the average temperature for the three months of June*. 
July and August is 25 °C. and the clock is correct at 12*0 a.m. on 
June 1st, how much will it be incorrect at 12*0 a.m. on September 
1st? Coefficient of expansion of invar is 1x10r*. 

5. Describe, m full del ail the method by which the expansion 
of crystals, when heated, may be studied experimentally. (Allahabad 
Univ., 1043; Aligarh tJniv., 1949; Panjab Univ., 1946, 1964.) 

0. Describe a method by which the cubical expansion of a liquid 
can be uccunitely tleleiturned by weighing a solid of known expansion 
in it at two known temperatures. 

A solid is found to weigh 29 9 gins. in a liquid of specific gravity 
1*21 at 10°r 1 Hs weight m air being 46 6 gins. It weighs 3(^4 gma. 
in the same liquid at 25°(1 when its specific gravity is 1*17. Calculate 
the coefficient of cubical expansion of the solid. 

7. (tf) Describe llpgnault’h method for the determination of the 
coefficient of absolute expansion of mercury. Indicate briefly the pre¬ 
cautions adopted by ‘Reguault to avoid errors. 

(bj If tin 1 coefficient of cubical expansion of glass and mercury 
arc 2*6 xKP* and 1*8 x 10” 1 lospectively, whftt traction of the whole 
volume nl a gla^s vess 1 should be filled with mercury in order that 
the volume of tin imply pint should remain constant when glass and 
mcicuiy .lie heated to tlie same temperature. (Dacca, B.Sc., 1928.) 

VIII 

1. By wlint processes does hot water in nn open vessel lose 
heat? Describe cxpciiments by which the several causes of loss may 
bo shown to exist. (Dacca, B.Sc., 1929.) 

2. Define the thermal conductivity of a substance and describe 
some way of finding it. 

Ail iron boiler 5/8 inch in thickness exposes 60 square feet of 
surface to furnace and 600 lbs. of steam nt atmospheric pressure aro 
produced per hour. The thermal conductivity of iron in inch-lb-sec. 
units is 0*0012 and the latent heat of steam is 636 Find the tem¬ 
perature of the underside of the heating surface. Kxplain why this 
is not the temperature of the furnace. (Dacca, B.Rc., 1929.) 

3. Fxplaiu the difference between Die thermal conductivity and 
the diffusivity of a substance. 

The two sides of a uncial plate 1*5 square metres in area and 
0*4 cm. in thickness are maintained at 100°C. and 30°C. respectively. 
If the thermal conductivity of the metal be 0 r 12 C.G.S. units find 
the total amount of heat that w r ill pass from one side to the other 
in one hour. (Dacca, B.Sc., 1928.) 
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4. The interior of an iron steam-pipe, 2*5 cm. internal radius^ 
carries steam at 140°C. and the thickness of the wall of the pipe u 
3 mm. The coefficient of emission of the exterior surface (heat lost 
per second per sq. cm. per degree excess) is 0*0003 and the tempera¬ 
ture of the external air is 20°C. If the thermal conductivity of iron 
is 0‘17 C. G. 8. unit find the temperature of the exterior surface, and 
also how much steam is condensed per hour per metre length of tube, 
the laten w heat of steam at 140°C. being 509. (London, B.Sc.) 

5. The thickness of the ice on a lake is 5 cm. and the tempe¬ 
rature of .he air is —10°C. At what rate is the thickness of the ice 
increasing and approximately how long will it take for the thickness 
of the ice to be doubled? 

(Thermal conductivily ol ice = 0004 cal. cur 1 sec” lo 0” 1 . Density 
of ice = 0*92 gm. per e.c. Latent heat of ice = 80 cal. per gm.) 

6. Define the terms conductivity and diffuBivity as used in the 
theory of heat conduction. Describe a method of comparing the con¬ 
ductivity of two metal bars. Account for the fact that the evaporar 
tion oi liquid air is greatly reduced wheu kept in a Dewar vacuum 
vessel. (Mudias, H.Hc., 1924.) 

7. Define conductivity. Ilpdi ee expression for the flow of heat 
in a long bar when it has acquired a steadv state. (IS. II. U. p B.Sc., 
1931.) 

8. Define the coefficient of hent conductivity of a substance and 
give details of some method ot determining this constant for iron. 
VA. IT., B.Sc , 1931.) 

9. Describe Jngcn-Ifnusz’s experiment, and prove ftom the 
mathematical theory that the conductivities of different bare vary as 
the square of the length up to which wax is melted. (A. U., B.Sc., 
1945, J950.) 

10. Describe Forbes’ method of determining the thermal con¬ 
ductivity of a metallic bar, and explain the fomuilce used. (Lucknow 
Univ., 1950; Allahabad Univ. 1931; Punjab Uuiv. 1957, 1955, 1954.JI 

11. Define thermal conductivity. A steady stream of water 
flowing at the rate oi 50U grams a minute through a glass tube 30 cms. 
long, 1 cm. in external diameter and 8 mm. in bore, the outside of 
which is surrounded bv stenm at a pressure of 730 mm., is raised in 
temperature from 20*C. to 30°C. as it passes through the tube. Find 
the conductivity of glass. You arc given that log 1*25 = 0*223. 
Deduce any formula that you use. (A. U., B.Sc,, 1937.) 

12. Define thermnl conductivity. Describe a method you have 
adopted in experimentally finding this constant for a good conductor. 
Find the coefficient of conductivity of a badly conducting material 
upon which the following experiment was made:—A vpry thin-walled 
hollow silver cylinder 40 cm. in diameter and 50 cm. in length is 
covered all over its external surface including the ends by a layer of 
the material 0*83 cm. in thickness. Steam at a temperature of 100°O. 
is passed through the cylinder and the external temperature is 20*0. 








